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 1 
ABSTRACT 
 
During interphase, chromatin is in a state of least condensation and most accessible 
to transcription factors. When cells enter mitosis, replicated chromosomes are compacted, 
and sister chromatids are cohered to form specific mitotic architectures, which are 
essential for appropriate chromosome segregation. Disruption of the formation, 
regulation and maintenance of mitotic chromosome structure results in aneuploidy, which 
is tightly correlated with severe developmental maladies, aging and tumorigenesis. To 
understand how cells achieve mitotic condensed DNA architectures, we focus on the 
regulation of helicase activity and also the impact of site-specific condensation events. 
We report that helicase the Chl1 acts a novel regulator of mitotic chromosome 
condensation through cohesin-based mechanisms, revealing an exciting interface between 
native DNA structure that relies on helicase activity and higher-ordered chromosome 
compaction that requires cohesin complex. We also report for the first time that the 
condensed rDNA locus retains great plasticity during mitosis and responds to elevated 
temperature through a novel hypercondensation activity. This hyperthermic-induced 
rDNA hypercondensation is based on heat shock chaperone Hsp82, revealing a new role 
for chaperones in regulating mitotic DNA architecture.   
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Chapter 1 
Introduction 
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Structural changes to the genome during the cell cycle are important yet mysterious 
processes that impact many cellular events. DNA undergoes replication during S phase 
that results in duplication of the whole genome. Replication products, also known as 
sister chromatids, are held together until anaphase onset through the mechanism termed 
cohesion [1-3]. When cells enter mitosis, chromatids start to compact into a more 
condensed state known as chromosome condensation. Condensation ensures that during 
telophase, chromosomes are positioned far from the spindle equator so that subsequent 
cytokinesis does not cleave the DNA. Condensation also promotes sister chromatid 
resolution by removing DNA catenations [4]. Disruption of mitotic condensation results 
in chromosome segregation defects, which are highly related to T cell lymphomas, colon 
cancer, microcephaly and severe developmental maladies [5-9]. Thus, cells utilize multi-
level compaction mechanisms require several different factors such as histones, cohesins 
and condensins to promote mitotic condensation (Figure 1). 
 
1.1 Histones and histone modifiers function in chromosome condensation. 
Histones provide the first level of DNA compaction. Two copies each of histone 
protein H2A, H2B, H3, and H4 form a nucleosome octamer that is the basic unit of DNA 
packaging in eukaryotes [10]. DNA wrapped around nucleosomes is compacted about 5- 
to 10-fold in length [11]. Beyond that, histone post-translational modifications drive 
additional levels of chromosome condensation. For instance, histone H3 phosphorylation 
leads to the recruitment of the histone deacetylase Hst2. In turn, Hst2 deacetylates histone 
H4, setting the H4 tail free to interact with histone H2A. This histone-histone interaction 
contributes to chromosome condensation by generating interactions between neighboring 
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nucleosomes to condense the DNA fiber [12]. Additionally, overexpression of the histone 
H3 lysine 4 demethylase Jhd2 causes rDNA decondensation [13], indicating that histone 
methylation promotes chromosome condensation in budding yeast.  Histone H1 
associates with the linker DNA between two nucleosomes to further promote compaction 
from a 10-nm nucleosomal fiber into a 30-nm solenoid fiber [14]. Thus, Histone H1 
phosphorylation also plays a role in chromosome condensation - providing for one of 
many additional points of regulation [15-17]. To achieve complete compaction, however, 
histone-independent forms of mitotic condensation, such as those involving cohesins and 
condensins, are required.   
 
1.2 Cohesin and cohesion factors function in chromosome condensation. 
The cohesin complex contains five subunits: Smc1, Smc3, Mcd1, Scc3 and Pds5 
(yeast names provided for this evolutionarily conserved complex) [1, 2, 18-21]. Cohesins 
promote the tethering together of chromosome replication products, termed sister 
chromatid cohesion. Although how cohesins affect condensation is not fully understood, 
numerous lines of evidence confirm that cohesins function in condensation. For instance, 
Mcd1, Scc3 and Pds5 are all key cohesin structural components whose temperature-
sensitive mutants exhibit both significant cohesion and condensation defects [1, 22-27]. 
In addition to structural cohesin components, many cohesion regulators function in 
condensation. For instance, the Scc2, 4 heterodimer loads cohesins onto DNA and is 
essential during S phase. Mutation in either Scc2 or Scc4 causes severe cohesion defects 
but also produces condensation defects, at least at the rDNA locus [2, 28]. Recent 
evidence suggests that Scc2 also promotes condensin deposition onto DNA [28].  
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Another cohesion regulator, Eco1, also functions in condensation. Eco1 is a Smc3 
acetyltransferase that is required to convert chromatin-bound cohesins to a tethering-
competent state specifically during DNA replication [29-32]. eco1 mutant cells exhibit 
both cohesion and condensation defects [29, 30]. Rad61, also named Wapl1, is another 
cohesion regulator that functions in condensation [33]. Rad61, however, appears to 
negatively regulate condensation pathways because rad61 mutant cells exhibit 
hypercondensed chromosomes [34]. Thus, cohesin components Mcd1 and Pds5 and 
cohesion regulators Scc2, 4, Eco1 and Rad61 all impact chromosome condensation. 
Beyond histones and cohesins, condensation requires additional factors to compact DNA, 
i.e., condensins. 
 
1.3 Condensin and condensation factors function in chromosome condensation. 
The budding yeast condensin complex consists of five subunits: Smc2, Smc4, Brn1, 
Ycg1 and Ycs4 [35] (yeast names provided for this evolutionarily conserved complex). 
Condensin promotes mitotic condensation in multiple ways. Condensin promotes the 
introduction of positive supercoils into chromatin, helps complementary single-stranded 
DNA reannealing into double-stranded DNA and facilitates DNA catenation resolution 
[35]. Condensin DNA association and activation also generates intra-chromosome 
linkages to shorten the chromosome [36]. Condensin is thought to loop the chromatin in 
both axial and lateral directions to produce highly condensed mitotic chromosomes [37, 
38]. In S. cerevisiae, the condensin subunits deposit onto DNA throughout the cell cycle, 
unlike cohesins whose DNA deposition peaks during S phase [28]. The total level of 
chromatin-bound condensin remains constant between G1 and metaphase. However, 
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functional condensation requires a multi-step condensin activation process that occurs 
during mitosis [39]. 
Condensin activity is strictly regulated. Previous studies provided evidence that 
mitotic kinases regulate condensation in budding yeast. In early mitosis, cyclin-dependent 
kinase 1 (Cdk1) phosphorylates condensin subunits Brn1, Ycs4 and Ycg1 to trigger 
mitotic condensation [39]. Later, Brn1, Ycg1 and Ycs4 are phosphorylated by Polo-like 
kinase Cdc5 to further promote condensin activity from anaphase until the end of mitosis 
[39, 40]. In addition, the aurora B kinase Ipl1 indirectly maintains condensation 
phosphorylation through an unknown mechanism [39, 41]. In contrast, condensin’s role 
in condensation is actively inhibited through opposing post-translational modifications. 
For instance, human casein kinase II phosphorylates almost all condensin I subunits 
except the Smc2 homolog Cap-E during interphase and blocks chromatin compaction 
during this time period [42]. These condensation-inhibiting phosphorylations are 
removed by phosphatases that become activated at the start of mitosis [43]. Thus, 
condensin activity is regulated by phosphorylation/dephosphorylation modifications to 
generate condensation with appropriate timing. 
 
1.4 Helicase activity in regulating mitotic chromosome architecture. 
To achieve appropriate mitotic condensation, histones, cohesins and condensins are 
all required to function on the common substrate: DNA. However, it remains elusive 
whether DNA itself is modified to facilitate accessibility and activity of different 
compaction components. To address this question, we are now using the Chl1 
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(Chromosome loss 1) DNA helicase as a tool to provide a direct linkage between native 
DNA structure and higher-ordered mitotic chromosome structure formation.  
Chl1 promotes sister chromatids cohesion and ensures appropriate chromosome 
segregation. Chl1 was first identified in a chromosome loss mutation screen in 1978 and 
then a chromosome transmission fidelity screen in 1990 [44, 45]. chl1 mutation causes 
more severe mis-segregation of smaller chromosomes than larger chromosomes. This 
effect was attributed to a role in cohesion because shorter chromosomes are posited to 
contain less cohesins [46]. Chl1’s function in cohesion was later demonstrated directly in 
that chl1 deletion strains exhibit increased premature sister separation compared to 
wildtype [47-49]. It is now well documented that Chl1 is a cohesion regulator [47-49, 50, 
51]. Chl1 physically interacts with Eco1, an acetyltransferase that converts chromatin-
bound cohesin to a tethering-competent state [29-32, 47]. The interaction between Chl1 
and Eco1 appears physiologically relevant in that eco1 mutant cells deleted for chl1 are 
inviable [47]. More recent evidence suggests that Chl1 regulates cohesin enrichment onto 
chromosomes during S-phase [51]. Cohesin loading onto DNA requires the deposition of 
the Scc2, 4 complex, while Scc2 loading onto chromatin requires Chl1. Thus, chl1 
deletion causes decreased loading of both Scc2 and cohesin [51]. 
Chl1 also exhibits various enzymatic activities and is implicated in numerous 
aspects of chromosome biology in addition to cohesion. Previous in silico analysis 
revealed that Chl1 exhibits the greatest similarity to DNA helicases [52]. Subsequent 
biochemical studies identified the human Chl1 homolog as ChlR1/DDX11/FANCJ that 
exhibits helicase activity and that unwinds DNA/DNA duplexes and moves along single-
stranded DNA templates in vitro [53]. ChlR1 also resolves DNA secondary structure 
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such as G-quadruplexes generated along guanosine-rich tracts [54-58]. A G-quadruplex 
(referred to as G4) is a specific DNA secondary structure that is hypothesized to block 
both transcription and DNA replication, such that unresolved G4s result in DNA damage 
and hotspots for genomic instability [59]. Whether G4s impact mitotic chromosome 
condensation remains unknown. ChlR1 is also able to disrupt protein-DNA interactions 
in vitro, revealing a function in stripping off proteins from duplex DNA [55, 57, 58]. 
These observations lead to a possibility that Chl1 may function in histone positioning, 
though direct evidence is required to confirm this role.  
Recent studies show that Chl1 promotes cohesin loader Scc2, 4 deposition onto 
chromatin, which in turn appears to maintain nucleosome-free regions [51, 60]. Thus, 
Chl1 may function in generating nucleosome-free regions. In parallel, the RSC chromatin 
remodeling complex affects cohesin loader Scc2 deposition, which in turn appears to 
maintain nucleosome-free regions enriched at transcription start sites [60]. The RSC 
complex is a defined cohesion regulator, and its function in condensin deposition and 
mitotic condensation was revealed later [60-63]. These findings suggest that Chl1 might 
function in nucleosome positioning that impact mitotic condensation. 
In summary, Chl1 and its homolog regulate DNA secondary structure, histone 
positioning, cohesin deposition and cohesion. These observations lead to an untested 
hypothesis that Chl1 function may extend to mitotic condensation through G4 resolving-, 
histone modification/positioning- and/or cohesin-based pathways. Some of these 
possibilities regarding Chl1 function in condensation are addressed in chapter 2. 
 
1.5 Alternative condensation pathways in response to environmental changes. 
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In Saccharomyces cerevisiae, condensation of the rDNA locus is distinct from the 
rest of the genome. During G1 phase, rDNA is uncondensed and exhibits puff-like 
morphology. Later during mitosis, rDNA condenses into discrete loop-like structures and 
segregates later than most other regions [64-66]. Both condensins and cohesins are 
required for mitotic rDNA condensation. Mutations in any of the cohesin/condensin 
subunits and cohesion regulators, such as the cohesin loader Scc2, 4 and acetyltransferase 
Eco1, all produce profound impacts on condensation such that mitotic rDNA fails to 
compact and appears as diffuse puff-like structures [1, 28, 29, 30, 33, 47, 57].  
Interestingly, rDNA condensation status is highly dynamic and sensitive to 
environmental cues, indicating alternative condensation pathways exist to regulate rDNA 
structure in response to environmental changes. Interphase rDNA acquires pre-mature 
condensation in response to nutrient starvation [67, 68]. The volume of the total rDNA 
mass is significantly contracted upon nutrient depletion. This pre-mature condensation 
during G1 requires condensin re-localization to rDNA arrays and the function of high 
mobility group protein Hmo1 [68]. Interestingly, direct inhibition of rDNA transcription 
activator Tor1 by rapamycin treatment causes similar rDNA contraction with condensin 
enrichment at rDNA loci. However, transcriptional repression using Pol I mutants cannot 
recapitulate the pre-mature rDNA condensation. These observations indicate that pre-
mature condensation during G1 phase is condensin-dependent and upstream of Pol I 
transcription machinery. Later during mitosis, rDNA condenses into a discrete loop/line-
like structure. It remains elusive whether the mitotic condensed rDNA locus retains its 
ability to respond to environmental cues. If mitotic rDNA is still a dynamic substrate that 
is regulated under environmental changes, then what factors are involved in this 
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alternative condensation pathway? Does it require novel condensation factors? These 
questions are addressed for rDNA-specific condensation regulation in Chapters 3 and 4. 
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Figures 
Figure 1 
 
 
Figure 1. Histones, cohesin and condensin all function in chromatin condensation. 
Hypothetical model of how cohesin and condensin associate with the chromatin. 
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Chl1 DNA helicase and Scc2 function in chromosome condensation 
through cohesin deposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Modified from Shen D, Skibbens RV. PLoS One. 2017 Nov 29;12(11):e0188739 
 22 
Abstract 
Chl1 DNA helicase promotes sister chromatid cohesion and associates with both the 
cohesion establishment acetyltransferase Eco1/Ctf7 and the DNA polymerase 
processivity factor PCNA that supports Eco1/Ctf7 function. Mutation in CHL1 results in 
precocious sister chromatid separation and cell aneuploidy, defects that arise through 
reduced levels of chromatin-bound cohesins which normally tether together sister 
chromatids (trans tethering). Mutation of Chl1 family members (BACH1/BRIP/FANCJ 
and DDX11/ChlR1) also exhibit genotoxic sensitivities, consistent with a role for Chl1 in 
trans tethering which is required for efficient DNA repair. Chl1 promotes the recruitment 
of Scc2 to DNA which is required for cohesin deposition onto DNA. There is limited 
evidence, however, that Scc2 also directs the deposition onto DNA of condensins which 
promote tethering in cis (intramolecular DNA links). Here, we test the ability of Chl1 to 
promote cis tethering and the role of both Chl1 and Scc2 to promote condensin 
recruitment to DNA. The results reveal that chl1 mutant cells exhibit significant 
condensation defects both within the rDNA locus and genome-wide. Importantly, chl1 
mutant cell condensation defects do not result from reduced chromatin binding of 
condensin, but instead through reduced chromatin binding of cohesin. We tested scc2-4 
mutant cells and similarly found no evidence of reduced condensin recruitment to 
chromatin. Consistent with a role for Scc2 specifically in cohesin deposition, scc2-4 
mutant cell condensation defects are irreversible. We thus term Chl1 a novel regulator of 
both chromatin condensation and sister chromatid cohesion through cohesin-based 
mechanisms. These results reveal an exciting interface between DNA structure and the 
highly conserved cohesin complex. 
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Introduction 
Structural changes to the genome that occur over the cell cycle are fundamental yet 
mysterious features that underlie many cellular events. During G1 phase of the cell cycle, 
chromatin compaction and higher order DNA assemblies termed TADS (topological 
associated domains) are largely regional [1, 2]. These cis-based (intramolecular) and 
trans-based (intermolecular) tetherings of DNA segments must remain dynamic to allow 
for plasticity and appropriate transcriptional responses to external cues such as changes in 
temperature, nutrient levels and signaling factors [1, 3–5]. During S phase, trans tethers 
are established specifically between the products of chromosome replication, termed 
sister chromatids. These trans tethers remain stable and thus identify chromatids as sisters 
until anaphase onset. Cis tethers established during prophase also are stable—maintaining 
fully condensed and disentangled chromosomes through mitosis. These cis tethers are 
required for high fidelity chromosome segregation and the positioning of chromosomes 
away from the cytokinetic furrow. In an impressive coopting of function through 
evolution, each of these tethering activities in combination are mediated by SMC 
(stability of minichromosomes or structural maintenance of chromosomes) complexes 
that include cohesins (Smc1, Smc3, Mcd1/Scc1/RAD21, Pds5, Scc3/Irr1/SA1,2 and 
Sororin in vertebrate cells) and condensins (Smc2/Cut14, Smc4/Cut3, Ycs4/Cnd1/DPY-
28, Ycg1/Cdn3/CAP-G1, Brn1/Cdn2/DPY-26) [1, 2, 6, 7]. 
Divisions between SMC complex functions are not always distinct. For instance, it 
is well established that cohesins form both cis and trans tethers that function in DNA 
replication, repair, chromosome segregation, chromatin condensation and transcription 
regulation [1, 2]. Thus, mutations of cohesin pathways produce aneuploidy, are tightly 
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correlated with numerous cancers and directly result in severe developmental maladies 
that include Robert Syndrome, Cornelia de Lange Syndrome and Warsaw Breakage 
Syndrome [2, 8, 9]. Condensins on the other hand, which primarily tether DNA segments 
in cis conformations, provide for longitudinal chromatin compaction, removal of DNA 
catenations, chromosomal disentanglement, and dosage compensation [6, 7]. Mutations 
of condensation pathways result in T cell lymphomas, colon cancer, microcephaly, and 
are predictors of cancer survivorship [10–14]. Mechanistically, convincing evidence 
suggests that both cohesins and condensins entrap individual DNA segments within a 
topologically closed structure. In turn, DNA segment tethering requires oligomerization 
of the appropriate SMC complexes, although little is known regarding how these 
oligomerization steps are directed toward either cis or trans conformations [1, 15–17]. 
The targeting and deposition of cohesins and condensins onto DNA represents a 
critical regulatory mechanism that spans a wide range of cellular activities, but remains 
largely undefined. What is clear is that cohesin deposition onto DNA requires the loader 
complex comprising Scc2/NIPBL and Scc4/MAU-2 [18–22]. One particular study, 
however, implicated Scc2,4 in the recruitment of condensin to DNA, a finding largely 
based on fluorescent intensity levels performed on chromosome spreads [23]. In yeast, 
Scc2,4 recruitment to DNA is regulated at the level of DNA structure and requires the 
conserved Chl1 DNA helicase [24–26]. At least during S phase, Scc2 deposition appears 
coordinated with DNA replication fork progression given that Chl1 physically interacts 
with numerous DNA replication fork factors (PCNA, Rad27/FEN1, MCMs) and the S 
phase acetyltransferase Eco1/Ctf7 [24, 25, 27–30]. Thus, Chl1 DNA helicase appears as 
the earliest regulator identified to date of Scc2 and cohesin recruitment to DNA. 
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Despite the wealth of evidence that Chl1 is critical for sister chromatid trans-
tethering [27, 31–34], a role for Chl1 in cis-tethering remains untested. The issue is a 
critical one given that mutations in the Chl1 human homologs ChlR1/DDX11 and 
BACH1/BRIP1/FANCJ collectively result in Warsaw Breakage Syndrome, Fanconi 
anemia, cell aneuploidy and breast and ovarian cancers [27, 31, 32, 34–40]. Moreover, 
the extent to which Chl1 DNA helicase regulation of Scc2 translates to both cohesin and 
condensin recruitment to chromatin is unknown, revealing a significant deficit in our 
understanding of these clinically relevant processes. Here, we report that Chl1 and Scc2 
are indeed regulators of genome-wide condensation, but that these roles occur 
independent of condensin binding to DNA and instead rely primarily on cohesin function. 
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Results 
2.1 Chl1 DNA helicase promotes rDNA condensation 
Chl1 DNA helicase is critical for Scc2 recruitment to DNA [25], but the extent 
through which SMC-dependent DNA compaction is regulated through Chl1 remains 
untested. Here, we exploit the structural changes that rDNA undergoes across the cell 
cycle. In yeast, rDNA comprises up to 150 copies of linearly arrayed 9 kb sequence that 
form a diffuse and amorphous puff-like structure during G1 and condense into a discrete 
line and loop-like structure during mitosis [43, 44, 47, 48]. Fluorescence in situ 
Hybridization (FISH) is a well-established methodology for detecting structural changes 
of rDNA loci, but is both time intensive and involves sequential application of three 
different antibodies and labeled probe [43, 44]. Previously, we developed and validated a 
streamlined condensation assay based on FISH but one that produces exquisite imaging 
of rDNA in the absence of antibodies and hybridization of labeled probe (Fig 1A) [45]. 
To assess the impact of Chl1 helicase on rDNA structure, wildtype and chl1 deletion cells 
were synchronized in G1 using medium supplemented with alpha factor, washed and 
released into fresh medium supplemented with nocodazole for 3 hours. The resulting 
synchronized pre-anaphase cells were then processed to quantify the status of rDNA 
condensation (Fig 1B). The results confirm that wildtype cells exhibit high levels (78%) 
of tightly condensed (loop/line-like) rDNA loci while chl1 mutant cells exhibit 
significantly lower levels (58%) of condensed rDNA loci. In fact, chl1 mutant cells 
exhibited nearly twice the frequency of decondensed rDNA than wildtype cells (Fig 1C 
and 1D). 
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Chl1 DNA helicase is not essential for DNA replication, but we were nonetheless 
concerned that loss of Chl1 might produce a minor cell cycle delay that could be 
misinterpreted as a condensation defect. We assessed this possibility in three ways. First, 
we assessed cells after only 2.5 hours of preanaphase synchronization in medium 
supplemented with nocodazole. The results obtained by flow cytometry clearly reveal 
that both wildtype and chl1 mutant cells are synchronized at this early step in the arrest 
protocol (S1 Fig). Thus, any imperceptible cell cycle delays will be fully compensated for 
by the additional 30 minutes of synchronization in the procedure described above. 
Second, we exploited the well-established changes in yeast cell morphology in which G1 
cells are unbudded, S phase entry typically correlates with bud emergence, and 
subsequent G2 and M phases denoted by increased bud growth [49]. Our results reveal 
nearly identical large budded populations of wildtype and chl1 mutant cells after 3 hours 
arrest in nocodazole (S1 Fig). Third, we quantified the minor 1N DNA peak in the 
preanaphase arrested cultures. The results reveal that 9.6% of wildtype cells exhibit a 1N 
DNA content while only 6.2% chl1 mutant cells exhibit a 1N DNA content. Thus, chl1 
mutant cells arrest in preanaphase as efficiently as wildtype cells, negating the model that 
the two-fold increase in decondensed rDNA is due to cell cycle progression defects (S1 
Fig). 
Net1 is an rDNA binding protein such that Net1-GFP is another established method 
from which to monitor for architectural changes within the rDNA locus [23, 26, 42, 45, 
50]. To independently assess for rDNA condensation defects in chl1 mutant cells, Net1-
GFP transformants of wildtype and chl1 deletion cells were synchronized in pre-anaphase 
(S1 Fig), and the status of rDNA condensation (loops/lines versus puffs) quantified as 
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previously described [23, 42–44]. As expected, wildtype cells exhibited high levels (77%) 
of condensed (loop/line-like) rDNA loci. In contrast, chl1 mutant cells exhibited 
significantly lower levels (65%) of condensed rDNA loci and over a 50% increase in the 
number of rDNA puff structures, compared to wildtype cells (Fig 1E and 1F). 
Importantly, the impact of chl1 mutation on rDNA structure occurs in the absence of 
shifting to elevated temperatures (37°C), a procedure that significantly impacts rDNA 
structure even in wildtype cells [45]. These combined results therefore reveal that Chl1 
promotes condensation of the rDNA locus. 
 
2.2 Chl1 helicase promotes arm condensation 
rDNA is unique in architecture, associated factors, transcription regulation, and 
recombination frequency compared to the remainder of the genome [51]. Thus, it became 
important to assess if Chl1 is an rDNA-specific regulator of condensation or instead 
impacts condensation genome-wide. We obtained from the lab of Dr. Frank Uhlmann a 
chromosome arm condensation assay strain that contains two lacO repeats, one integrated 
telomere-proximal on the left arm and another integrated centromere-proximal on the 
right arm of chromosome XII [23]. Each LacO cassette is detectable through lacI-GFP 
binding such that the inter-GFP distance allows for quantification of chromosome arm 
condensation (Fig 2A). Isogenic chromosome arm condensation assay strains, except for 
deletion of CHL1, were synchronized in G1 using alpha factor, washed and released into 
fresh medium supplemented with nocodazole (Fig 2B). The resulting pre-anaphase 
synchronized cells were then fixed in paraformaldehyde and the disposition of arm 
condensation quantified by measuring the distance between GFP loci. As expected, chl1 
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mutant cells exhibit cohesion defects [27, 32] and we therefore encountered a range of 
detectable GFP loci. We thus limited our analysis to wildtype and chl1 mutant cells that 
contained only 2 GFP dots and in which both were resolvable within a single focal plane 
(Fig 2A). We found a wide range of inter-GFP distances both in wildtype and chl1 
mutant cells. Regardless, the results reveal that 70% of wildtype cells exhibited inter-GFP 
distances under 0.52 μm. In contrast, only 53% of chl1 mutant cells exhibited inter-GFP 
distances under 0.52 μm. In fact, chl1 mutant cells exhibited inter-GFP distances above 
0.65 μm at roughly 3 times the frequencies of wildtype cells (Fig 2C and 2D). These 
results reveal for the first time that Chl1 plays a genome-wide role in chromosome 
condensation. 
 
2.3 Chl1 and Scc2 function in condensation independent of condensin deposition 
What is the mechanism through which Chl1 and Scc2 function in condensation? 
Chl1 is well-documented as a cohesion regulator that is critical for Scc2 recruitment to 
chromatin [25]. In turn, Scc2 is essential for cohesin deposition onto chromatin, but a role 
for Scc2 in condensin deposition remains controversial [19, 23]. Thus, it became critical 
to differentiate between models that Chl1 promotes chromatin compaction through either 
Scc2-dependent regulation of condensins, cohesins, or both. We first tested whether the 
condensation defect produced in chl1 mutant cells occurs through the reduction of 
condensin deposition onto DNA. Condensin subunit Smc2 was epitope-tagged as the sole 
source of Smc2 function in both wildtype and chl1 mutant cells. We included scc2-4 cells 
in our analyses so that we could directly compare the roles of Chl1 and Scc2 on 
condensin deposition. We then exploited Triton X-100 cell fractionation assays 
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previously used to demonstrate chromatin-association of a spectrum of factors that 
include Ctf7/Eco1, cohesin subunits, DNA replication initiators and fork stabilization 
proteins [25, 52–57]. Wildtype, chl1 and scc2-4 single mutant strains each expressing 
Smc2-HA were synchronized in G1 (alpha factor), washed and released at 37°C (non-
permissive for scc2-4) into fresh medium supplemented with nocodazole (Fig 3A). We 
validated the cell fractionation procedure using Phosphoglycerokinase (PGK) and 
Histone 2B (H2B) as cytosolic and chromatin fiduciary markers, respectively. The results 
show efficient enrichment of H2B, and undetectable levels of PGK, in Triton-X-100 
insoluble chromatin bound fractions (Fig 3B). Smc2 titration demonstrates that protein 
loading is within the linear range of detection (Fig 3B). We first compared the total levels 
of Smc2-HA, normalized to H2B levels, in whole cell extractions obtained from wildtype, 
chl1 and scc2-4 single mutant cells. The results from whole cell extracts document that 
Smc2-HA levels are unaffected in either chl1 or scc2-4 mutations, compared to wildtype 
cells (Fig 3C). We then compared the levels of chromatin-bound Smc2-HA. The result 
revealed that chromatin-bound Smc2-HA levels in both chl1 and scc2-4 mutant cells are 
not reduced, compared to wildtype cells (Fig 3D). Thus, chl1 and scc2-4 single mutant 
cells exhibit significant condensation defects despite full retention of chromatin-bound 
condensin. These results document that the condensation defects exhibited by chl1 and 
scc2-4 single mutant cells occur largely independent of changes in condensin deposition 
onto DNA. 
 
2.4 Chl1 and Scc2 function in condensation through cohesins 
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Having eliminated reduced condensin deposition as a central mechanism through 
which chl1 and scc2-4 mutants produce condensation defects, we turned to cohesin 
deposition. Wildtype, chl1 and scc2-4 single mutant strains were released from G1 into 
37°C medium supplemented with nocodazole and the resulting preanaphase cells assayed 
for cohesin deposition. As before, we confirmed the Triton X-100 cell fractionation assay 
using PGK and H2B as cytosolic and chromatin fiduciary markers, respectively (Fig 3B). 
We and others previously ascertained that Mcd1 levels in whole cell lysates are 
unaffected in either chl1 or scc2-4 mutant cells [19, 25]. Thus, we compared the levels of 
chromatin bound Mcd1, normalized to H2B levels, in wildtype and chl1 and scc2-4 
single mutant cells using a previously validated Mcd1/Scc1-directed antibody generously 
provided by Dr. Vincent Guacci of the Koshland Lab [44]. As expected from prior 
studies, Mcd1 binding to DNA was significantly reduced in chl1 (38%) and scc2-4 (82%) 
single mutant cells (Fig 3E). Notably, the reductions in Mcd1 binding mirrored the 
severity of the condensation defect, strongly indicative of a dose-dependent cohesin 
mechanism (Fig 3E). Independently, we repeated the assessment of Smc2-HA in these 
chromatin fractions now validated for scc2-4 inactivation through reduced cohesin levels. 
Our results confirm that Scc2 inactivation has negligible effects on condensin deposition. 
While rDNA condensation defects are completely reversible in condensin mutant 
cells, condensation defects are irreversible in cohesin mutants [58]. If Scc2 promotes 
condensation only through cohesin deposition, then condensation should be irreversible 
in scc2-4 mutant cells. To test this prediction, wildtype and scc2-4 mutant strains were 
released from G1 into 37°C medium supplemented with nocodazole for 3 hours and the 
resulting preanaphase cultures then shifted back to 23°C for 1 hour (Fig 4A). Cell 
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samples harvested both during the preanaphase arrest at 37°C and after the shift down to 
23°C were then assessed for the disposition of rDNA condensation as previously 
described [45]. As expected, preanaphase wildtype cells arrested at 37°C exhibited high 
levels (69%) of condensed (loop-like) rDNA loci while scc2-4 mutant cells instead 
exhibited significantly low levels (8%) of condensed rDNA loci (Fig 4B). Upon shifting 
down to 23°C, preanaphase wildtype cells continued to exhibit high levels (71%) of 
condensed (loop-like) rDNA loci. Importantly, scc2-4 mutant cells also exhibited 
significantly low levels (14%) of condensed rDNA loci (Fig 4C). The predominantly 
irreversible condensation defect in scc2-4 mutant cells mirrors that of cohesin mutants 
and is distinct from the complete rescue of condensation defects exhibited in condensin 
mutant cells following the same regimen [58]. The combination of these results strongly 
suggest that the condensation defects exhibited by chl1 and scc2-4 mutant cells occur 
predominantly through a reduction in cohesin, but not condensin, chromatin association. 
 
2.5 Scc2 plays a mitotic role in arm condensation but not rDNA condensation 
Scc2 inactivation during S phase causes severe chromosome condensation defects 
and cell lethality [19]. Intriguingly, there is limited evidence that Scc2 inactivation 
specifically during M phase also produces chromosome arm condensation defects, even 
while cells retain high viability [23]. We were intrigued by the possibility that scc2-4 cell 
viability, during M phase inactivation, might be explained if rDNA remains condensed 
even while chromosome arms decondense. To test this possibility, wildtype and scc2-4 
mutant strains were synchronized in G1 in medium supplemented with alpha factor, 
released into 23°C medium supplemented with nocodazole for 3 hours, and the resulting 
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preanaphase cultures then shifted to 37°C for 1 hour to inactivate scc2-4 specific during 
M phase (Fig 5A). Cell samples were processed to determine the status of rDNA 
condensation as previously described [45]. As expected, preanaphase wildtype cells 
maintained at 23°C exhibited high levels (77%) of condensed (loop-like) rDNA loci. 
Even at this temperature permissive for cell viability, scc2-4 mutant cells exhibited 
surprisingly modest levels (45%) of condensed rDNA loci (Fig 5B and 5C). Preanaphase 
wildtype cells shifted to 37°C retained high levels (60%) of condensed rDNA, albeit with 
shorter rDNA loops as previously described [45]. Importantly, preanaphase scc2-4 
mutant cells shifted to 37°C similarly retained its modest level of condensed rDNA (48%) 
loci (Fig 5B and 5C). These results reveal that Scc2 is not required for condensation 
maintenance of rDNA during M phase, in contrast to the role played by Scc2 in 
condensation along chromosome arms [23]. Thus, Scc2-dependent cohesin roles in 
condensation differentially effects rDNA and chromosome arm loci during mitosis. 
 
 
 
 
 
 
 
 
 
 
 34 
Discussion 
Analyses of Chl1 helicase family members are of immediate clinical relevance. 
Mutations in CHL1 human homologs BACH1/BRIP/FANCJ and ChlR1/DDX11 
helicases collectively result in Warsaw Breakage Syndrome, Fanconi anemia, breast and 
ovarian cancers [27, 35–37, 40, 59–61]. A link between the Chl1 helicase family and 
global changes in chromatin structure, however, remained untested. The first major 
revelation of the current study is that Chl1 is an important factor in promoting genome-
wide chromosome condensation. Intriguingly, we found that chl1 mutants exhibit both 
chromosome arm and rDNA condensation defects, but at relatively moderate levels. This 
suggests that additional factors may support Chl1 in condensation reactions (including 
Scc2 and cohesin deposition onto DNA) and that cohesin-dependent condensation is 
taking place in S phase. Regardless, our findings extend the role of Chl1 beyond trans 
tethering (required for sister chromatid cohesion and DNA repair) to now include cis 
tethering [27, 31–34]. This distinction is critical in that cis tethering during G1 is thought 
to stabilize intramolecular DNA loops through which regulatory elements (enhancers, 
promoters, insulators) are brought into registration and thus deploy developmental 
transcription programs [1, 2]. Moreover, cis tethering also mediates both regional and 
genome-wide compaction reactions throughout the cell cycle—the latter of which is 
required for chromosome segregation. While the current study is unique in identifying a 
role for Chl1 DNA helicase in chromatin condensation, we note that mutation of other 
helicases (MCM7, MCM10, FBH1) in C. elegans or Drosophila models produced 
chromosome condensation defects, but effects attributed to incomplete replication and 
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often with minimal effects on chromosome segregation [62–66]. Our findings suggest a 
reevaluation of current models may be warranted. 
How does Chl1 DNA helicase promote DNA condensation? A second revelation of 
the current study is that Chl1, and its downstream target Scc2, function predominantly 
through cohesin-based condensation. In the current study, we simultaneously monitored 
both cohesin and condensin chromatin binding levels and found that only cohesins are 
adversely affected in chl1 and scc2-4 mutant strains. Intriguingly, a prior study found that 
scc2-4 inactivation during a mitotic-arrest produced a modest condensin binding defect, 
but an effect predicated on perceived changes in fluorescent intensity levels obtained 
from chromosome spreads. Notably, that study provided inconsistent data regarding 
reductions in condensin recruitment to loci assessed by chromatin immunoprecipitations 
[23]. While our current findings diminish the role of Scc2 (and Chl1) in condensin 
recruitment, we note that mutation of the RNA helicase Vasa, which produce 
condensation defects in mitotic germ-line Drosophila cells, exhibit reduced recruitment 
of the condensin SMC capping factor Barren to DNA [67]. Thus, it will be critical to 
elucidate the extent through which different model cell systems prioritize the use of SMC 
complexes to drive chromatin compaction. Assessing these possibilities is complicated, 
however, due to evidence that condensin recruitment may be mediated indirectly through 
reduced cohesin recruitment [58]. 
Elucidating the mechanism through which Chl1 promotes both Scc2 and cohesin 
recruitment to DNA to mediate cohesion (trans tethering) and condensation (cis tethering) 
remains an important issue in cell biology. Elegant biochemical findings reveal that Chl1 
family members resolve secondary DNA structures such as G4s, triple helices, and 5’ 
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forked/flapped duplexes thought to arise either immediately behind the DNA replication 
fork or occur within specific loci throughout the genome [28, 34, 68–74]. That these 
secondary DNA structures can be resolved in a post-fork context is strongly supported by 
findings that both Chl1 expression and chromatin binding peak during S phase and that 
Chl1 binds to numerous replication factors (such as Ctf4, Eco1, Fen1, Ctf18 and PCNA) 
that act in in conjunction with or immediately behind DNA polymerase [24, 27, 28, 30, 
52, 54]. More recent findings posit that Scc2,4 binds DNA to maintain nucleosome-free 
domains onto which cohesins are later deposited [75]. Based on evidence that Chl1 
family members disrupt streptavidin binding to biotinylated single-strand DNA 
oligonucleotides in vitro and resolve DNA secondary structures such as G quadruplexes 
(G4s) and triple DNA helices [70, 73, 76], we posit that Chl1 helicase actively promotes 
nucleosome-free domains that promote Scc2 and subsequent cohesin deposition (Fig 6). 
This helicase-based model in which DNA structure modulates Scc2 recruitment may 
equally apply to protein-based adaptors of Scc2,4 that include the elongation factor Paf1, 
Mediator transcription scaffold complex, the pre-Replication Complex (pre-RC), 
Ctf19/COMA kinetochore complex [77–89]. 
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Materials and methods 
Yeast strains and strain construction 
Saccharomyces cerevisiae strains used in this study are listed in Table 1. GFP-
tagging and deletion of genes were performed following a published protocol [41]. 
 
rDNA condensation assays 
rDNA condensation assays were performed using Net1-GFP as previously described 
with the following modifications [23, 42]. Briefly, cells were cultured to log phase 
(OD600 between 0.2 to 0.4), then incubated for 2.5 hours at 23°C in rich YPD medium 
supplemented with alpha-factor. The resulting synchronized G1 cells were collected, 
washed, resuspended in fresh YPD supplemented with nocodazole, and incubated for 3 
hours at 23°C. The resulting preanaphase cells were fixed by incubation in 3.7% 
paraformaldehyde for 10 min at 30°C. GFP signals were then assayed microscopically. 
Cell cycle progression was confirmed by detection of DNA content using flow cytometry 
as described [42]. 
 
rDNA condensation was independently assessed using a streamlined condensation 
assay adapted from a published FISH protocol [43–45]. Briefly, log phase cells (OD600 
between 0.2 to 0.4) were incubated for 2.5 hours at 23°C in rich YPD medium 
supplemented with alpha-factor. The resulting synchronized G1 cells were collected, 
washed, resuspended in fresh YPD supplemented with nocodazole, and incubated for 3 
hours at 23°C (where appropriate, additional temperature shifts are described within each 
experimental design). The resulting preanaphase cells were fixed by incubation in 37% 
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formaldehyde for 2 hours at 23°C. Cells were washed with distilled water and 
resuspended in buffer (1 M sorbitol, 20 mM KPO4, pH 7.4), then spheroplasted by the 
addition of beta-mercaptoethanol and Zymolyase 100T and incubation for 1 hour at 23°C. 
The resulting spheroplasted cells were placed onto poly-L-lysine coated slides prior to 
addition of 0.5% Triton X-100 and 0.5% SDS solution. The slides were then incubated in 
3:1 methanol:acetic acid solution and stored at 4°C until completely dry. Slides were then 
treated with RNase in 2X SSC buffer (0.3 M NaCl, 30 mM Sodium Citrate, pH 7.0) 
followed by washes in 2X SSC and then by a series of cold ethanol washes. Slides were 
then incubated at 72°C in 70% formamide with 2X SSC followed by a series of cold 
ethanol washes. DNA masses were detected by DAPI staining and assayed 
microscopically. Cell cycle progression was confirmed by detection of DNA content 
using flow cytometry as described [42]. 
 
Chromosome arm condensation assay 
Chromosome arm condensation assays were performed in yeast cells that contained 
two lacO repeats, one integrated telomere-proximal on the left arm and another integrated 
centromere-proximal on the right arm of chromosome XII. Each LacO cassette was 
monitored microscopically through detection of lacI-GFP [23]. Condensation assays and 
quantification were performed as previously described with the following modifications 
[23]. Briefly, log phase cells (OD600 between 0.2 to 0.4) were incubated for 2.5 hours at 
23°C in rich YPD medium supplemented with alpha-factor. The resulting synchronized 
G1 cells were collected, washed, resuspended in fresh YPD supplemented with 
nocodazole and incubated for 3 hours at 23°C. The resulting preanaphase cells were fixed 
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by incubation in 3.7% paraformaldehyde for 10 min at 30°C. Wildtype and chl1 mutant 
cells that contained a single GFP dot reflected sister chromatids positioned vertical to the 
z-axial focal plane and were thus excluded from analysis. We also excluded cells that 
contained three or four GFP loci, since the cohesion defect at one or both loci made it 
difficult to determine which GFP dot represented an intra- or inter-sister chromatid locus. 
Distances between two GFP dots were quantified microscopically with images captured 
using iVision. Cell cycle progression was confirmed by detection of DNA content using 
flow cytometry as described [42]. 
 
Chromatin binding assay 
Nocodazole arrested cells were harvested and processed for chromatin binding assay 
[25]. Briefly, the densities of 50 ml cultures were normalized to an OD600 between 0.4–
0.6. Cells were spun down and washed with 25 ml cold sterile water, followed by a wash 
in 1.2 M sorbitol. Pellets were resuspended in 1 ml CB1 buffer (50 mM Sodium citrate, 
40 mM EDTA, 1.2 M sorbitol, pH 7.4) prior to the addition of 125 μl of spheroplast 
solution (125 μl CB1, 50 μl zymolase, 5 μl BME) and incubation with gentle shaking for 
1 hour at 23°C. The spheroplast suspensions were supplemented with protease inhibitor 
cocktail, washed 2X with 1.2 M cold sorbitol, resuspended in 425 μl of 1.2 M cold 
sorbitol and snap frozen in liquid Nitrogen. Frozen samples were thawed on ice prior to 
the addition of 50 μl lysis buffer (500 mM Lithium acetate, 20 mM MgSO4, 200 mM 
HEPES, pH 7.9) and 20 μl of 25% Triton-X-100. Whole cell extract (WCE) fractions 
were collected and denatured by the addition of an equal volume of 2X Laemmli buffer, 
boiled for 5 minutes and then snap frozen. The remaining lysates were centrifuged at 
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12,000 g for 15 minutes. Supernatants consisting of soluble fractions were collected and 
denatured by the addition of an equal volume of 2X Laemmli buffer. Pellets were 
resuspended in Lysis buffer with 150 mM NaCl and centrifuged at 15,000 g for 15 
minutes. Chromatin bound fractions were obtained by suspending the resulting pellets 1.2 
M sorbitol and then denatured by the addition of an equal volume of 2X Laemmli buffer. 
Whole cell extract, soluble and chromatin bound fractions were resolved by SDS-PAGE 
electrophoresis and analyzed by Western blot using anti-HA (1:2000) (Santa Cruz), anti-
PGK (1:20000) (Invitrogen) with goat anti mouse HRP (1:50000) (Bio-Rad) or by anti-
H2B (1:2000) (Santa Cruz) or 1:60000 (Abcam), anti-Mcd1 [46] in combination with 
goat anti rabbit HRP (1:50000) (Bio-Rad) and ECL prime (GE Healthcare) for 
visualization. 
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Figures 
Figure 1 
 
 
Figure 1. Chl1 helicase promotes rDNA condensation. 
A) Representative examples of micrographs that highlight condensed (loop and line) 
and decondensed (amorphous puff-like and other non-discrete configuration) rDNA 
structures. B) Flow cytometer of DNA content at times indicated throughout the 
experimental procedure. Cells were maintained in nocodazole for 3 hours at 23°C post-
alpha factor arrest. C) Chromosome mass and rDNA detected using DAPI in wildtype 
(YBS1019) and chl1 mutant (YBS1041) strains. D) Quantification of condensed 
(loop/line) and decondensed (puff/other) rDNA populations in wildtype and chl1 mutant 
cells. Data quantified from 3 biological replicates, 100 cells for each strain analyzed per 
replicate and statistical analysis performed using Student's T-test (p = 0.005). E) rDNA 
structures visualized using Net1-GFP, genome DNA detected using DAPI, and cell 
morphology images obtained using Differential Interference Contrast (DIC) microscopy. 
 42 
Yellow arrows indicate condensed rDNA loop/line and red arrowhead indicates 
decondensed rDNA puff. F) Quantification of condensed (loop) and decondensed (puff) 
rDNA populations in wildtype (YBS2020) and chl1 mutant (YBS2080) cells. Data 
quantified from 3 biological replicates, 100 cells for each strain analyzed per replicate 
and statistical analysis performed using Student's T-test (p = 0.006). Statistical significant 
differences (*) are based on p < 0.05. 
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Figure 2 
  
 
Figure 2.  Chl1 helicase promotes chromosome arm condensation. 
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A) Schematic of chromosome conformations and GFP-labeled loci (dashed line 
indicates Z-axial microscope orientation, solid line indicates sister chromatid, diamond 
indicates centromere, green dot indicates GFP locus). Red box indicates cells analyzed. B) 
Flow cytometer data of DNA content throughout the experiment. Cells were maintained 
in nocodazole for 3 hours at 23°C post-alpha factor arrest. C) Micrographs of 
representative fields of view that include GFP loci, genomic mass (DAPI) and cell 
morphology (DIC). D) Distribution of distances measured between GFP dots in wildtype 
(YBS2078) and chl1 mutant (YBS2079) cells. Data obtained from 3 biological replicates, 
100 cells for each strain analyzed per replicate and statistical analysis performed using 
Student's T-test. p = 3.862E-6 indicates the significant differences between the average 
distance (0.44 μm) in wildtype cells versus the average distance (0.50 μm) in chl1 mutant 
cells. Statistical significant differences (*) are based on p < 0.05. 
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Figure 3 
 
 
Figure 3. Chl1 helicase promotes chromosome condensation through cohesin, but 
not condensin, regulation. 
A) Flow cytometer data of DNA content throughout the experiment. Cells were 
maintained in nocodazole for 3 hours at 37°C post-alpha factor arrest. B) Fractionation of 
preanaphase-arrested wildtype (YDS101), chl1 (YDS104) and scc2-4 (YDS108) cells. 
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Phosphoglycerate kinase (PGK) and Histone 2B (H2B) indicate levels of cytoplasmic and 
chromatin-bound proteins, respectively, in whole cell extracts (W), cytoplasmic soluble 
fractions (S) and chromatin bound fractions (C). C) Left: Titration of Smc2-HA indicates 
1X sample concentration is in the linear range of detection. Right: Whole cell extracts of 
Smc2-HA in wildtype, chl1 and scc2-4 cells. H2B is shown as internal loading control. 
All samples reflect 1X concentration levels. D) Top: Chromatin-bound (CB) fraction of 
Smc2-HA in wildtype, chl1 and scc2-4 cells. Chromatin-bound H2B levels are shown as 
internal loading control. Bottom: Quantification of Smc2-HA binding to chromatin in 
chl1 and scc2-4 mutant cells, based on the ratio of Smc2-HA to H2B levels and 
normalized to wildtype levels of Smc2-HA obtained from 3 biological replicates. E) Top: 
Chromatin-bound fraction of Mcd1 in wildtype, chl1 and scc2-4 cells. Chromatin-bound 
H2B levels are shown as loading controls. Bottom: Quantification of Mcd1 binding to 
chromatin in chl1 and scc2-4 mutant cells, based on the ratio of Mcd1 to H2B levels and 
normalized to wildtype levels obtained from 3 biological replicates. Statistical analysis 
was performed using one-way ANOVA followed by post-hoc Tukey HSD Test. (p = 
0.024 for chromatin bound Mcd1 in wildtype versus chl1 mutant cells. p = 0.001 for 
chromatin bound Mcd1 in wildtype cells versus scc2-4 mutant cells). Statistical 
significant differences (*) are based on p < 0.05. 
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Figure 4 
 
 
Figure 4. Condensation is irreversible in scc2-4 mutants. 
A) Flow cytometer data reveals DNA content throughout the experimental analyses. 
Cells were maintained in nocodazole, post-alpha factor release, for 3 hours at 37°C 
followed by an additional 1 hour at 23°C. B) Chromosome mass and rDNA structures 
detected using DAPI in wildtype and scc2-4 mutant strains. C) Quantification of 
condensed (loop/line) and decondensed (puff/other) rDNA populations in wildtype 
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(YBS1019) and scc2-4 mutant (YMM551) cells. Quantifications and statistical analyses 
of rDNA condensation were obtained from 3 biological replicates for each strain 
(wildtype and scc2-4 mutant cells) in which each replicate included 100 cells for each 
strain. Statistical analyses of condensed populations were performed using one-way 
ANOVA followed by post-hoc Tukey HSD Test (p = 0.001 for wildtype versus scc2-4 
mutant cell rDNA condensation at 37°C; p = 0.001 for wildtype versus scc2-4 mutant cell 
rDNA condensation at 23°C; p = 0.890 for wildtype cell rDNA condensation at 37°C 
versus 23°C; p = 0.301 for scc2-4 mutant cell rDNA condensation at 37°C versus 23°C). 
Statistical significant differences (*) are based on p < 0.05. 
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Figure 5 
 
 
Figure 5. Scc2 is dispensable for condensation maintenance during M phase. 
A) Flow cytometer data reveals DNA content throughout the experimental analyses. 
Cells were maintained in nocodazole, post-alpha factor release, for 3 hours at 23°C 
followed by an additional 1 hour at 37°C. B) Chromosome mass and rDNA structures 
detected using DAPI in wildtype and scc2-4 mutant strains. C) Quantification of 
condensed (loop/line) and decondensed (puff/other) rDNA populations in wildtype 
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(YBS1019) and scc2-4 mutant (YMM551) cells. Quantifications and statistical analyses 
of rDNA condensation were obtained from 3 biological replicates for each strain 
(wildtype and scc2-4 mutant cells) in which each replicate included 100 cells for each 
strain. Statistical analyses of condensed populations were performed using one-way 
ANOVA followed by post-hoc Tukey HSD Test (p = 0.014 for wildtype cell versus scc2-
4 mutant cell rDNA condensation at 23°C; p = 0.804 for wildtype cell versus scc2-4 
mutant cell rDNA condensation at 37°C; p = 0.133 for wildtype cell rDNA condensation 
at 23°C versus 37°C; p = 0.878 for scc2-4 mutant cell rDNA condensation at 23°C versus 
37°C). Statistical significant differences (*) are based on p < 0.05. 
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Figure 6 
 
Figure 6. Chl1 DNA helicase functions in condensation. 
A) In the absence of Chl1, condensation defects occur despite normal recruitment of 
condensin (‘?’ reflects that condensin deposition, but not cohesin deposition, occurs 
despite Scc2 inactivation). We hypothesize that secondary DNA structures (such as G4s 
and nucleosomes) reduce both Scc2 and cohesin recruitment, resulting in cohesion and 
condensation defects. B) Chl1 activities (resolution of DNA secondary structures, histone 
displacement, etc) provides for both Scc2 and cohesin recruitment, resulting in sister 
chromatid cohesion (trans tethering) and chromatin condensation (cis tethering). Cohesin 
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and condensin oligomerization are shown as one of several possible mechanisms of 
cohesion and condensation [1], [90]. 
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Figure S1 
 
 
Figure S1. Cell cycle progression in wildtype and chl1 mutant. 
A) Morphology quantification for both nocodazole-arrested wildtype and chl1 
mutant cells (N = 100 cells for each strain). B) 1N peak quantification for both wildtype 
and chl1 mutant cells arrested in nocodazole for 3 hours at 23°C. C) Flow cytometer data 
reveals DNA contents in wildtype and chl1 mutant cells after nocodazole arrest at 23°C 
for 2.5 hours and 3 hours. D) Flow cytometer data reveals DNA content in wildtype and 
chl1 mutant cells analyzed in Fig 1E and 1F. 
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Table 1 
Yeast strains used in this study.  
Strain name  Genotype  Reference  
YBS1019  MATa; S288C   24 
YBS1041  MATa; chl1::KAN; S288C   27 
YBS2020  MATa; NET1:GFP:HIS3; w303  For this study  
YBS2078  MATa; lacOs::YLR003c-1; lacOs::MMP1;  
LacI-GFP; w303  
Y2869, 23 
YBS2079  MATa; chl1::TRP; lacOs::YLR003c-1; 
lacOs::MMP1; LacI-GFP; w303  
For this study  
YBS2080  MATa; NET1:GFP:HIS3; chl1::TRP; w303  For this study  
YDS101  MATa; SMC2:3HA:KanMX6; w303  For this study  
YDS104  
MATa; SMC2:3HA:KanMX6; chl1::TRP; w303  
For this study  
YDS108  MATa; SMC2:3HA:KanMX6; scc2-4; w303  For this study  
YMM551 MATa; scc2-4; can1-100; w303  91 
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Temperature-dependent regulation of rDNA condensation in 
Saccharomyces cerevisiae. 
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Abstract 
Chromatin condensation during mitosis produces detangled and discrete DNA 
entities required for high fidelity sister chromatid segregation during mitosis and 
positions DNA away from the cleavage furrow during cytokinesis. Regional 
condensation during G1 also establishes a nuclear architecture through which gene 
transcription is regulated but remains plastic so that cells can respond to changes in 
nutrient levels, temperature and signaling molecules. To date, however, the potential 
impact of this plasticity on mitotic chromosome condensation remains unknown. Here, 
we report results obtained from a new condensation assay that wildtype budding yeast 
cells exhibit dramatic changes in rDNA conformation in response to temperature. rDNA 
hypercondenses in wildtype cells maintained at 37°C, compared with cells maintained at 
23°C. This hypercondensation machinery can be activated during preanaphase but readily 
inactivated upon exposure to lower temperatures. Extended mitotic arrest at 23°C does 
not result in hypercondensation, negating a kinetic-based argument in which 
condensation that typically proceeds slowly is accelerated when cells are placed at 37°C. 
Neither elevated recombination nor reduced transcription appear to promote this 
hypercondensation. This heretofore undetected temperature-dependent 
hypercondensation pathway impacts current views of chromatin structure based on 
conditional mutant gene analyses and significantly extends our understanding of 
physiologic changes in chromatin architecture in response to hyperthermia. 
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Introduction 
Chromatin condensation may have been the first dramatic cell cycle change 
observable to early microscopists and remains a topic both of fascination and clinical 
relevance. Chromatin condensation and the arrangement of chromosomes within the 
nuclear volume are collectively mediated by cohesin- and condensin-dependent DNA 
segment tetherings that occur in either cis (within a single DNA molecule) or trans 
(between separate DNA molecules) conformations [1, 2]. Recent evidence is consistent 
with the notion that cis DNA tetherings established during interphase are critical for the 
proper deployment of developmental transcription programs [3, 4]. Intriguingly, proper 
development likely also requires G1 trans tethers (here, between non-homologous 
chromosomes) that link together domains of either repressed or induced transcriptional 
activities termed TADs (Topologically Association Domains) [5]. 
The combination of cis and trans tethers during G1 that mediate regionalized 
chromatin condensation and nuclear architecture must remain plastic if cells are to 
respond appropriately to external cues. Numerous studies across several species 
document that the chromosome condensation state during interphase increases in 
response to heat-stress. For instance, hyperthermia induces premature chromosome 
condensation during S phase in CHO, HeLa and S3 cells and hypercondensation in 
Achlya ambisexualis hypha [6-12]. Importantly, little is known regarding the mechanisms 
through which these induced and premature condensation reactions occur. Moreover, the 
extent to which cells respond to hyperthermia during mitosis, when chromosomes are 
already condensed, remains largely untested. Addressing these deficiencies becomes 
important since physiologic changes induced by heat stress are wide-ranging and include 
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expression of heat shock proteins (HSPs), protein synthesis repression and altered rates of 
both transcription and mRNA turnover [13, 14]. 
Budding yeast remains a mainstay model organism from which numerous aspects of 
chromatin condensation have come to light. Common to most studies is the testing of 
temperature-dependent gene product inactivation on rDNA structure [15-27]. This is 
because rDNA undergoes cell cycle-specific structural changes: forming diffuse puff-like 
structures during G1 and condensing through multiple stages that include cluster and line 
formations before coalescing into discrete loop-like structures during mitosis [16, 17, 21] 
When either SMC (structural maintenance of chromosomes) cohesin or condensin 
complexes are impaired (for instance through the use of conditional alleles), mitotic cells 
contain puff-like rDNA loci instead of tightly condensed rDNA loops [24,26-28]. Since 
the rDNA locus is a highly-specialized domain comprising iterative repeats that are 
repressed for Homologous Recombination (HR) and under tight transcriptional regulation, 
parallel strategies were developed in yeast to assess changes in chromosome arm 
condensation [24, 29-32]. All of these studies operate under the assumption that mitotic 
chromatin structures in wildtype cells are refractory to the temperature shift required to 
inactivate conditional allele gene products. Conversely, a growing body of evidence 
suggests that DNA segment cis and trans tethers of interphase cells remain dynamic to 
respond to external cues [1-5, 33]. Here, we developed a streamlined rDNA condensation 
assay and report that wildtype budding yeast exhibit a mitotic chromatin 
hypercondensation activity that is induced at temperatures typically used to inactivate 
conditional alleles. Moreover, this hypercondensation activity predominantly targets the 
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rDNA locus, revealing a heretofore unexplored and targeted physiologic response to 
hyperthermia. 
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Results 
3.1 Temperature-dependent regulation of mitotic rDNA hypercondensation 
Despite technical advances that include immunodetection, GFP tagging and 
Fluorescence in situ hybridization (FISH), barriers to detecting changes in chromatin 
architecture in yeast cells include small cell and nuclear sizes and limited longitudinal 
chromatin compaction relative to other eukaryotic cells [16, 17, 24-26, 34, 35]. Here, we 
report on a streamlined procedure that provides for exquisite imaging of the yeast rDNA 
locus in the absence of GFP, stacked antibody complexes and hybridization of labeled 
nucleotide probes. To validate this procedure, we exploited a well-established 
observation that mutation of the cohesin subunit Mcd1/Scc1 results in condensation 
defects [17, 19, 24, 26, 36-38]. Log phase wildtype and mcd1–1 mutant cells were 
synchronized in G1 (α factor) at 23°C and then released into 37°C (non-permissive 
temperature for mcdc1–1) fresh medium supplemented with nocodazole to arrest cells 
preanaphase. Cell cycle progression was confirmed by detection of DNA content using 
flow cytometry (Figure S1A). The resulting preanaphase wildtype cells contained 
predominantly loop-like rDNA structures while preanaphase mcd1–1 mutant cells failed 
to condense their chromatin such that the rDNA formed predominantly puff-like 
structures (Fig. 1A). We quantified these differences and found that our procedure detects 
similar levels of condensation defects in mcd1–1 mutant cells as those obtained using 
FISH and GFP-based methodologies (Fig. 1B) [17, 24, 26, 27].  
During this investigation, we discovered a robust temperature-dependent effect that 
occurs in wildtype cells, independent of gene mutation. We modified our prior 
experimental strategy to further analyze this hypercondensation activity by releasing G1 
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arrested cells into either 23°C or 37°C medium supplemented with nocodazole (Fig. 1C). 
Cell cycle progression was confirmed by detection of DNA content using flow cytometry 
(Figure S1B). Our condensation assay revealed that preanaphase wildtype cells condense 
rDNA loops to form tight and discrete loops at both 23°C or 37°C. Surprisingly, however, 
rDNA loops were condensed but appeared significantly shorter in wildtype cells shifted 
to 37°C upon release from G1, compared with loops in wildtype cells maintained at 23°C 
(Fig. 1D). We thus quantified the loop lengths in wildtype cells at both temperatures by 
tracing the entire length of the loop structures. The results clearly document that rDNA 
loop lengths are significantly shorter (herein termed hypercondensed) in cells that 
progress from G1 into mitosis at 37°C (Fig. 1E). 
Our condensation assay provides for detailed images of rDNA structure, but we 
wondered if other procedures could detect temperature-sensitive hypercondensation of 
rDNA. Net1 is an rDNA binding protein and represents one current standard by which 
rDNA structure is assessed [24, 26-28]. Wildtype cells expressing GFP-tagged Net1 were 
synchronized in G1, released into either 23°C or 37°C rich medium supplemented with 
nocodazole, and the resulting preanaphase cells assessed for rDNA loop lengths. Cell 
cycle progression was confirmed by detection of DNA content using flow cytometry 
(Figure S1C). Wildtype cells that progressed from late G1 into mitosis at 23°C exhibited 
significant longer rDNA loop lengths than cells released from G1 into 37°C medium (Fig. 
1F, G). In combination, these results reveal that rDNA condensation is exquisitely 
sensitive to temperature changes in wildtype cells with elevated temperatures leading to 
robust hypercondensation that is easily measurable using well-established procedures. 
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3.2 Temperature-induced hypercondensation is not based on increased condensation 
rates 
What is the basis for this heretofore unreported temperature-dependent effect on 
rDNA condensation? We speculated that the decreased loop size that occurs in wildtype 
cells maintained at 37°C might reflect an accelerated rate of condensation, relative to that 
which occurs at 23°C. If this model is correct, then longer incubations at 23°C should 
ultimately lead to hypercondensed rDNA. To test this prediction, cultures released from 
G1 were maintained in fresh medium supplemented with nocodazole for either 2.5 or 5 
hours at 23° and compared with cultures instead maintained for 2.5 or 5 hours at 37°C 
(Fig. 2A). Cell cycle progression was confirmed by detection of DNA content using flow 
cytometry (Figure S1D). The results reveal that rDNA loop lengths in cells maintained in 
preanaphase at 23°C for 5 hours failed to approach the loop lengths of cells maintained in 
preanaphase at 37°C for only 2.5 hours. Moreover, rDNA loop lengths in cells 
maintained in preanaphase at 23°C for 2.5 hours are identical to rDNA loop lengths in 
cells maintained in preanaphase at 23°C for 5 hours (Fig. 2B). The same is true for loop 
lengths in cells maintained at 37°C, regardless of incubation time. In all cases, rDNA 
loop lengths were significantly shorter in cells maintained at 37°C compared with cells 
maintained at 23°C (Fig. 2C). Thus, changes in rDNA architecture occur independent of 
condensation rates. 
 
3.3 The rDNA hypercondensation machinery is active during mitosis 
In most eukaryotes, chromosome condensation is a multi-step process that requires 
factors (such as core histones and cohesins) that are deposited during S phase and 
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additional factors (such as linker histones and condensins) that associate or become 
activated later during the cell cycle [39, 40]. It thus became important to map the timing 
of this rDNA hypercondensation during the cell cycle. To test whether rDNA 
hypercondensation can be induced by elevated temperatures during M phase (after 
normal levels of condensation are already established), wildtype cells were synchronized 
in G1 at 23°C for 2.5 hours, then released at 23°C into fresh medium supplemented with 
nocodazole for 2.5 hours. Half of the resulting preanaphase cells were then shifted to 
37°C for an additional hour and the other half maintained at 23°C for the same time 
period (Fig. 3A). Cell cycle progression was confirmed by changes in DNA content using 
flow cytometry (Figure S1E). As expected, rDNA in cells maintained at 23°C throughout 
the preanaphase arrest appeared as long loops that extend away from the DNA mass. In 
contrast, rDNA in cells arrested in mitosis at 23°C but then shifted to 37°C while 
maintaining the preanaphase arrest exhibited significantly hypercondensed rDNA loop 
lengths (Fig. 3B, C). Thus, cells exhibit an rDNA-directed hypercondensation activity 
during preanaphase that induces condensation beyond that which promotes entry into 
mitosis. 
 
3.4 Temperature-induced hypercondensation is reversible and occurs independent 
of changes in rDNA repeat number 
Budding yeast rDNA comprises approximately 150 repeats and is a hotspot for 
homologous recombination [41]. This raised the possibility that the apparent 
hypercondensation is in reality a reduction in rDNA repeats through permanent 
recombination-based excisions and loss from the chromosome. We thus tested whether 
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we could revert a hypercondensed rDNA loop back to an extended loop within a single 
preanaphase arrest. Wildtype cells were synchronized in G1 at 23°C, then released at 
23°C into fresh medium supplemented with nocodazole. The resulting preanaphase 
arrested cells were then shifted to 37°C for 1 hour (which produces rDNA 
hypercondensation) before shifting back down to 23°C for an additional 1 hour (Fig. 4A). 
Cell cycle progression was confirmed by detection of DNA content using flow cytometry 
(Figure S1F). Similar to our earlier results, cells shifted up to 37°C during preanaphase 
contain hypercondensed rDNA (Fig. 4B). Importantly, when these cells were shifted 
down to 23°C for one hour, the rDNA recovered to a less condensed state – nearly 
matching the extended loop lengths of cells maintained at 23°C throughout the time 
course (Fig. 4B, C). Thus, rDNA hypercondensation is reversible and occurs independent 
of changes in the number of rDNA repeats – a revelation supported by the absence of 
Net1-GFP decorated excised rDNA circles under conditions that similarly produce short 
rDNA loops (Fig. 3C). 
 
3.5 Temperature-induced hypercondensation occurs independent of rDNA 
transcriptional inhibition 
rDNA transcription, ribosome biogenesis and translational outputs are all 
upregulated during periods of accelerated growth. This increased rDNA transcription 
requires a relaxed DNA conformation and RNA polymerase accessibility [23, 29, 30, 42-
44]. In contrast, yeast cell rDNA transcription levels decrease to basal line during mitotis 
that is coordinated with rDNA condensation [45, 46]. One prediction from these findings 
is that wildtype cells shifted to 37°C and that contain hypercondensed rDNA would 
 76 
exhibit slower growth kinetics (reduced rDNA transcription) compared with cells 
incubated at 23°C. To test this prediction, both S288C and W303 wildtype strains were 
sub-cultured over a 2 days period to ensure log phase growth before monitoring cell 
growth by spectroscopy. The results show that both yeast strains exhibit significantly 
increased growth rates at 37°C compared with 23°C (Fig. 5A, B). These findings negate 
the model that wildtype yeast cells exhibit hypercondensed rDNA due to slower growth 
at 37°C and instead are consistent with previous finding that wildtype yeast significantly 
increase ribosomes synthesis when shifted to 36°C from 23°C growth conditions [47]. 
The mechanism through which yeast cells exhibit increased growth rates that require 
elevated transcription from the rDNA locus, despite the hypercondensation that occurs at 
37°C (Figs. 1–4), remains unknown. 
 
3.6 Temperature-induced hypercondensation is rDNA specific 
rDNA is unique in terms of architecture, binding factors, transcription regulation, 
and altered levels of recombination, compared with the remainder of the genome [29, 42, 
43]. This raises the possibility that the temperature-dependent hypercondensation of 
rDNA is locus specific. To test this possibility, we obtained a chromosome arm 
condensation assay strain, kindly provided by Dr. Frank Uhlmann, that contains 2 lacO 
cassettes spaced 137 kb from each other on chromosome XII. Each LacO cassette is 
detected by lacR-GFP such that the inter-GFP distance allows for quantification of 
chromosome arm condensation [24]. To validate this procedure, we placed through 
mating and dissection the LacO/lacR-GFP condensation cassette into mcd1–1 strains 
previously demonstrated as exhibiting condensation defects at both rDNA and 
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chromosome arms [17]. Log phase wildtype and mcd1–1 arm condensation assay strains 
were synchronized in G1 and released into either 23°C or 37° fresh medium 
supplemented with nocodazole to arrest cells preanaphase (Figure S2A). The resulting 
pre-anaphase synchronized cells were then fixed in paraformaldehyde and the disposition 
of arm condensation quantified by measuring the distance between GFP loci (Figure 
S2B). The results reveal a significant increase in the inter-GFP distance in mcd1–1 cells 
compared with wildtype cells (Figure S2C, D), confirming the efficacy of this arm 
condensation assay. 
To test whether temperature-dependent hypercondensation extends to chromosome 
arm loci beyond that of rDNA, wildtype cells that harbor the arm condensation assay 
cassette were synchronized in G1 at 23°C and released into 23°C fresh medium 
supplemented with nocodazole for 2.5 hours. Half of the resulting preanaphase cells were 
shifted to 37°C for 1 hour while the other half was maintained at 23°C for 1 hour (Fig. 
6A). Cell cycle progression and synchronization was confirmed by DNA content using 
flow cytometry (Figure S1G). The resulting preanaphase synchronized cells were then 
fixed and the distance between GFP loci quantified (Fig. 6B). The results reveal that 
preanaphase cells maintained at either 23°C or 37°C exhibit nearly identical inter-GFP 
distances (Fig. 6C, D). Thus, chromatin along the arm appears insensitive to temperature-
induced hypercondensation that predominantly targets the rDNA locus. 
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Discussion 
Chromosome condensation ensures appropriate chromosome segregation but also 
influences transcriptional programs and nuclear architecture [48]. Thus, it is not 
surprising that mutation of condensation pathways results in mitotic failure, aneuploidy 
and is further linked to developmental maladies such as microcephaly [49-53]. A major 
revelation of the current study is that yeast cells contain hypercondensation machinery 
that is induced specifically during mitosis in response to elevated temperatures. This 
newly observed phenomenon is due neither to accelerated condensation reactions 
(hypercondensation at 37°C cannot be balanced by longer incubation time at 23°C), nor 
rDNA repeat reduction through recombination (hypercondensed rDNA loop lengths re-
extend quickly upon shifting to 23°C and micrographs thus far fail to detect 
extrachromosomal rDNA signals in Net1-GFP cells that contain hypercondensed loops). 
Note that the homologous recombination machinery in general is suppressed during M 
phase such that changes in rDNA repeat numbers typically are monitored over several 
generations [30, 54-56]. In contrast, we observe inducible and reversible rDNA 
hypercondensation within a single M-phase arrest. Intriguingly, yeast hypercondense 
specific DNA loci in response to nutrient starvation although the extent that these 
represent similar mechanisms in hypercondensation remains unknown [33]. 
What are the mechanisms through which rDNA hypercondensation at elevated 
temperature occurs? Early analyses of condensin mutants revealed reversibility in normal 
levels of chromosome condensation during mitosis: transient inactivation of temperature 
sensitive Brn1–9 condensin subunit during M phase resulted in rDNA decondensation 
that recondensed upon a shift back to permissive temperature. This reversibility of 
 79 
normal condensation levels during mitosis depends on both condensin and cohesin, 
although cohesin mutants thus far do not exhibit reversibility in condensation - 
suggesting that cohesin promotes condensin activation [57]. These observations raise the 
possibility that the reversible rDNA hypercondensation documented here requires similar 
molecular mechanisms that include cohesin and condensin - which are critical for mitotic 
chromosome condensation, stabilization of rDNA architecture and transcription 
regulation [57, 62-65]. Condensins in addition introduce positive supercoils into 
chromatin, promotes complementary single strand DNA reannealing and facilitates DNA 
catenation resolution [66]. Cohesin-dependent tethering of DNA segments is also critical 
for transcription regulation, nuclear architecture and sister chromatid tethering [1]. A 
final mechanism of hypercondensation could involve heat shock proteins, which may act 
in coordination or in parallel to the recruitment of condensins and cohesins [67] (Fig. 7). 
The extent to which elevated temperature alters condensin, cohesin or heat shock protein 
deposition/activation onto rDNA remains an important goal of future research. 
A second revelation of the current study is the apparent specificity of this 
hypercondensation activity. Using both our streamlined condensation assay and a well-
established Net1-GFP strategy, we found that compaction along the longitudinal axis of 
rDNA is dramatically increased in response to elevated temperature. Conversely, 
genome-wide compaction along the chromosome arms is resistant to temperature-induced 
hypercondensation. In the context of cell physiology, mechanisms that selectively target 
rDNA are of critical interest. For instance, nutrient starvation induces rDNA 
hypercondensation and limits transcription factor accessibility which results in slow 
growth [33, 58]. On the other hand, increased cell growth kinetics correlate with elevated 
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rates of rDNA transcription and ribosome assembly/maturation [58, 59]. In the current 
study, shifting wildtype cells to an elevated temperature (23°C to 37°C) produced an 
increased growth rate, consistent with previous findings that transcriptional silencing at 
rDNA loci is decreased and rRNA levels are increased at elevated temperatures [47, 60, 
61]. These observations raise a paradox: wildtype yeast at elevated temperatures exhibit 
both increased rDNA transcription and growth rates despite the hypercondensation of 
rDNA. Of the many possibilities, one model that resolves this apparent contradiction is 
that the shorter rDNA loop axis reflects significantly increased lateral loop extensions 
that accommodate elevated transcription during robust cell growth (Fig. 7). This 
transcriptional model is consistent with our results that exclude mechanisms of 
hypercondensation through accelerated condensation reactions and rDNA repeat 
reduction through recombination. Future efforts will be required to expose the 
mechanisms through which these potential longitudinal and lateral segment tetherings are 
regulated and document the extent to which transcriptionally active loops emerge 
laterally from the chromosomal axis. 
The utilization of temperature-sensitive mutants remains a mainstay of yeast 
research. In particular, almost every condensation assay performed to date uses a 
temperature shift from permissive to non-permissive temperatures [16, 17, 19, 24-27]. 
Thus, our current study formally raises concerns regarding the extent through which 
defects in mutant strains (shifted to an elevated and non-permissive temperature) are 
predicated on comparisons to a hypercondensed rDNA locus. It thus becomes crucial to 
investigate the mechanism through which condensation is regulated by temperature, 
improve experimental strategies to better accommodate for those effects and then revisit 
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results from prior studies predicated on conditional alleles and analysis of the rDNA 
locus. Moreover, our observations are likely to be of clinical interest, given the use of 
hyperthermia as a cancer treatment [68]. For instance, the mechanism by which tumor 
cells become heat sensitive, compared with wildtype cells, is not fully understood. Our 
study provides a starting point through which locus-specific hypercondensation activity 
may promote hyperthermic resistance in wildtype cells and, in its absence, render tumor 
cells hyperthermically sensitive. 
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Materials and methods 
Yeast strains and strain construction 
Yeast strains and strain construction: Saccharomyces cerevisiae strains used in this 
study are listed in strain table (Table 1). GFP-tagging and deletion of genes was 
performed following published protocol [69]. 
 
rDNA condensation assay 
Condensation assays were modified based on published FISH protocol [17]. Briefly, 
synchronized cells were fixed by paraformaldehyde (100 μl 36% formaldehyde per 1 ml 
culture) for 2 hr at 23 °C. Cells were washed with distilled water 3 times and resuspended 
in spheroplast buffer (1M sorbitol, 20 mM KPO4, pH7.4), then spheroplasted by adding 
β-mercaptoethanol (1/50 volume) and Zymolyase T100 (1/100 volume) and incubating 
for 1 hour at 23°C. Resulting cells were pelleted and resuspended in 1.5 pellet volume of 
spheroplast buffer with 0.5% Triton X-100. 10 μl of the cell suspension were added to 
each well on poly-L-ysine coated slides, set at room temperature for 10 min, then 
removed the liquid gently by pipette. 20 μl of 0.5% SDS were added to each well, and set 
for 10 min, room temperature, then remove the liquid gently by pipette. Air dry the slides. 
Cells were then dehydrated by immersing the slides in fresh 3:1 methanol:acetic acid for 
5 min at room temperature. Slides were stored at 4°C until completely dry, then cells 
were treated with RNase (100 μg/ml) in 2XSSC buffer (0.3M NaCl, 30 mM Sodium 
Citrate, pH7.0), incubate 1 hour at 37°C. Slides were washed 4 times in fresh 2XSSC (2 
min/per wash), then went through a series of cold (−20°C) ethanol washes (start with 
70%, followed by 80%, 95% ethanol washes, 2 min/per wash), then air dry. Slides were 
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prewarmed to 37°C, then put into denaturing solution (70% formamide, 2X SSC) at 72°C 
for 2 min. Slides were immediately washed through a series of cold (−20°C) ethanol 
washes (start with 70%, followed by 80%, 90%, 100% ethanol washes, 1 min/per wash), 
then air dry. DNA mass were detected by DAPI (0.05ug/ml) staining and assayed under 
microscope. Cell cycle progression were confirmed by detection of DNA content using 
flow cytometry as described [27]. 
 
Net1-GFP condensation assay 
rDNA codensation assays were performed following similar strategy as previous 
publications [24, 27]. Briefly, cells were arrested at preanaphase and fixed by 
paraformaldehyde for 10 min at 30°C. GFP signal were then assayed under microscope. 
Cell cycle progression were confirmed by detection of DNA content using flow 
cytometry as described [27]. 
 
Chromosome arm condensation assay 
Chromosome arm condensation assays were performed as previous described [24]. 
Briefly, cells were arrested at preanaphase and fixed by paraformaldehyde for 10 min at 
30 °C. Distances between GFP dots were measured by microscopy. Cell cycle 
progression were confirmed by detection of DNA content using flow cytometry as 
described [27]. To generate unbiased detection criteria of the GFP distance, cells contain 
a single GFP dot may reflect sister chromatids positioned vertical to the z-axial focal 
plane were thus excluded from analysis. In cases where GFP foci were planar to the field 
of view (eliminated z-axial contributions), we also excluded cells that contained 3 or 4 
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GFP loci, since the cohesion defect at one or both loci made it impossible to determine 
which GFP dot represented intra- or inter- sister chromatid loci. Thus, we focused our 
analysis on cells that contained 2 GFP dots resolvable within a single focal plane. 
 
Statistical Analyses 
F-Tests were used to assess the equality of 2 variances in chosen experimental 
groups, followed by Student's T-Tests to assess the statistical significance (P < 0.05). 
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Figures 
Figure 1 
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Figure 1. Temperature-dependent regulation of mitotic rDNA condensation.  
A) Condensation assay validation. Micrographs of chromosomal mass and rDNA 
loop and puff structures detected using DAPI for wildtype (VG985) and mcd1–1 mutant 
cells. B) Quantification of rDNA loops (condensation) in preanaphase wildtype and 
mcdc1–1 mutant strains (N = 100 cells for each strain). C) Schematic of cell 
synchronization and experimental procedure performed on wildtype cells (YBS1019). D) 
Micrographs of chromosome masses detected using DAPI. Regions demarcated by 
yellow squares equally magnified below. E) Quantification and statistical analyses of 
rDNA loop lengths observed using our condensation assay in wildtype cells at 23°C and 
37°C (3 biologic replicates with over 100 cells for each strain analyzed per replicate [N = 
330 cells at 23°C and 352 cells at 37°C total]; p-value = 0.004). F) Micrographs of 
preanaphase wildtype cells arrested at either 23°C or 37°C. Chromosome mass detected 
by DAPI, rDNA architecture detected using Net1GFP and cell morphology imaged using 
Differential Interference Contrast (DIC) microscopy. Yellow arrows indicate rDNA loops 
at 23°C and diminished loops at 37°C. G) Quantification and statistical analyses of rDNA 
loop lengths measured using Net1-GFP in wildtype preanaphase cells arrested 23°C and 
then either maintained at 23°C or shifted to 37°C (N = 190 cells at 23°C and 157 cells at 
37°C; P-value = 1.95E-28). 
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Figure 2 
 
 
Figure 2.  Temperature-induced hypercondensation is not based on increased 
condensation rates.  
A) Schematic of synchronization and experimental procedure performed on 
wildtype cells (YBS1019). B) Micrographs of chromosome masses and rDNA loops 
detected by DAPI staining. Yellow arrows point to rDNA loops at 23°C and diminished 
loops at 37°C. C) Quantification and statistical analyses of rDNA loop lengths in each 
experimental group (N = 50 cells for each treatment, Pvalue = 0.149 for 23 °C 2.5 hr vs 
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5hr; P-value = 0.346 for 37 °C 2.5 hr vs 5hr; P-value = 5.54E-20 for 23 °C 2.5 hr vs 
37 °C 2.5hr; P-value = 2.18E-20 for 23 °C 5 hr vs 37 °C 5hr; P-value = 5.90E-19 for 
23 °C 2.5 hr vs 37 °C 5hr). 
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Figure 3 
 
 
Figure 3. The rDNA hypercondensation machinery is active during mitosis.  
A) Schematic of synchronization and experimental procedure performed on 
wildtype cells (YBS1019). B) Micrographs of chromosome masses and rDNA loops 
detected by DAPI staining. Yellow arrows indicate loops at 23°C and diminished loops in 
response to a 1 hour shift to 37°C, but not 23°C, during preanaphase arrest. C) 
Quantification and statistical analyses of the rDNA loop lengths in each experimental 
group (N = 138 cells at 23°C for 2.5 hr; N = 105 cells for 23°C for 3.5 hr; N = 115 cells 
for 23°C for 2.5 hrs and 37°C for 1 hr; P-value = 7.73E-17 for 23 °C 3.5 hr vs 23 °C 2.5 
hr ->37 °C 1hr). 
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Figure 4 
 
 
Figure 4. Temperature-induced hypercondensation occurs independent of changes in 
rDNA repeat number.  
A) Schematic of synchronization and experimental procedure performed on 
wildtype cells (YBS1019). B) Micrographs of chromosome mass and changes in rDNA 
loop lengths throughout the experiment detected by DAPI staining. C) Quantification and 
statistical analyses of rDNA loop length in each experimental group (N = 130 cells at 
23°C for 2.5 hr; N = 119 cells at 23°C for 2.5 hrs -> 37°C for 1 hr; N = 115 cells at 23°C 
for 2.5 hr -> 37°C for 1 hr -> 23°C for 1 hr; P-value = 2.53E-21 for shift from 23 °C to 
37 °C vs shift from 37 °C to 23 °C). 
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Figure 5 
 
 
Figure 5. Temperature-induced hypercondensation occurs independent of rDNA 
transcription.  
A) Growth curve of wildtype S288C background strain (YBS1019). B) Growth 
curve of wildtype W303 background strain (YBS2020). 
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Figure 6 
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Figure 6. Temperature-induced hypercondensation is rDNA specific.  
A) Schematic of synchronization and experimental procedure performed on 
wildtype cells (YBS2078). B) Micrographs of DNA masses (DAPI), chromosome arm 
loci (GFP) and cell morphology (DIC) in preanaphase arrested cells at 23°C and 37°C. C) 
Quantification of the distribution of measured distances between 2 arm loci GFP dots (N 
= 111 cells at 23°C; N = 106 cells at 37°C). D) Quantification and statistical analyses of 
the GFP arm inter-loci distances in each experimental group (N = 111 cells at 23°C; N = 
106 cells at 37°C; P-value = 0.812). 
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Figure 7 
 
 
Figure 7. Model of rDNA transcription loop extension and possible mechanisms of 
hypercondensation.  
rDNA hypercondensation occurs in cells exposed to elevated temperature, 
potentially through transcription-dependent increase in axial loop extension (below). 
Candidates required to drive mitotic hypercondensation may include temperature-
dependent enhanced activation of cohesin, condensin, or heat shock proteins (either 
directly or through condensation inhibitor inactivation) that specifically target the rDNA 
loci (above). 
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Figure S1 
 
 
Figure S1. DNA content obtained using flow cytometry.  
A) DNA content assayed for Fig. 1A. B) DNA content assayed for Fig. 1D. C) DNA 
content assayed for Fig. 1F. D) DNA content assayed for Fig. 2B. E) DNA content 
assayed for Fig. 3B. F) DNA content assayed for Fig. 4B. G) DNA content assayed for 
Fig. 6B. 
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Figure S2 
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Figure S2. Validation of arm condensation assay using the condensation defective 
mcd1-1 cell line.  
A) DNA content assayed for wildtype cells (YBS2078) and mcd1-1 cells 
(YBS3017). B) Micrographs of DNA masses (DAPI), chromosome arm loci (GFP) and 
cell morphology (DIC) in preanaphase arrested cells at 23°C and 37°C. C) Quantification 
of the distribution of measured distances between 2 arm loci GFP dots (N = 74 cells for 
Wildtype; N = 77 cells for mcd1-1). D) Quantification and statistical analyses of the GFP 
arm inter-loci distances in each experimental group (N = 74 cells for Wildtype; N = 77 
cells for mcd1-1; P-value = 0.009). 
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Table 1 
Yeast strains used in this study.  
Strain name  Genotype  Reference  
VG955 MATa mcd1–1 trp1 leu2 bar1 gal1 17 
VG982  MATa trp1 ura3 bar1 gal1  17 
YBS1019  MATa; S288C  70 
YBS2020 
MATa; NET1:GFP:HIS3; w303  
For this study  
YBS2078 
MATa; lacOs::YLR003c-1; lacOs::MMP1; 
LacI-GFP; w303  
24  
YBS3017  
mcd1–1, MATa; lacOs::YLR003c-1; 
lacOs::MMP1; LacI-GFP; w303  
For this study  
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Chapter 4 
A novel role for chaperones in mitotic chromatin architecture: Yeast 
Hps82 is critical for hyperthermic-induced rDNA hypercondensation 
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Abstract 
Ribosomes directly control protein synthesis and are fundamental for cell growth 
and division. Ribosome biogenesis pathways are thus tightly regulated through nutrient 
sensing and stress pathways that in turn impact genome stability, aging and senescence. 
In the budding yeast Saccharomyces cerevisiae, ribosomal RNAs are transcribed from the 
right arm of chromosome XII, which houses ribosomal DNA (rDNA) and comprises the 
nucleolus. Numerous studies reveal cell cycle-dependent architectural changes in that 
rDNA is decondensed and forms a puff-like structure during interphase but condenses 
into a tight loop-like structure during mitosis. Intriguingly, a novel and additional 
mechanism of increased mitotic rDNA compaction was recently discovered that occurs in 
response to temperature stress and is rapidly reversible. The mechanism through which 
this hyperthermic-induced rDNA hypercondensation occurs, however, remains unknown. 
Here, we report that neither condensins nor cohesins play a critical role in hyperthermic-
induced rDNA hypercondensation – differentiating this architecture state from normal 
mitotic condensation (requiring cohesins and condensins) and also from premature 
condensation (requiring condensins) that occurs during interphase in response to nutrient 
starvation. Instead, our results reveal that heat shock protein Hsp82 is critical for 
hyperthermic-induced rDNA hypercondensation. To our knowledge, this is the first 
report that chaperone proteins function during mitosis to overtly impact rDNA structure. 
Our findings further reveal that the high mobility group protein Hmo1 is a negative 
regulator of mitotic rDNA condensation, distinct from its role in promoting premature-
condensation of rDNA during interphase upon nutrient starvation. These results open new 
avenues from which to understand stress-dependent regulation of chromatin architecture. 
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Introduction 
Protein synthesis in all organisms takes place in the highly conserved 
ribonucleoprotein complex - the ribosome. Ribosome biogenesis is thus directly related to 
cell growth and proliferation [1]. In eukaryotes, the nuclear compartment that assembles 
ribosomes (including rRNA synthesis, processing and ribonucleoparticle assembly), is 
termed the nucleolus. rRNA arises by transcription from the rDNA locus that resides on 
the right arm of chromosome XII in the Saccharomyces cerevisiae yeast genome. This 
locus is approximately 1-2 Mb and consists of about 150 tandem repeats, each of which is 
9.1 kb and encodes for 5S, 5.8S, 25S, and 18S rRNAs [2-4].  
The canonical role for the nucleolus in rDNA transcription and ribosome biogenesis 
is well-established, but these represent a small subset of nucleolar functions that impact 
cells [5-7]. For instance, rDNA is the most highly represented gene in any eukaryote. It is 
also the most heavily transcribed (accounting for over 60% of the entire RNA pool) and, 
due to its highly repetitive structure, the most recombinogenic (and potentially mutagenic) 
site within the eukaryotic genome [3, 8-10]. The importance of maintaining rDNA locus 
stability is highlighted by the fact that DNA replication forks are programmed to stall 
within rDNA, precluding catastrophic head-on collision of replication and transcription 
complexes [11-13]. Furthermore, rDNA transcription rates and even nucleolar size are 
intimately coupled to changes in nutrient levels, revealing the central role of rDNA in 
responding to environmental cues [14-16]. rDNA also plays a key role in cellular aging 
and replicative lifespan in which extrachromosomal rDNA circles (ERCs) that arise 
through recombination deplete the remaining genome of critical regulatory factors [17, 
18]. Stress responses similarly release nucleolar factors that inhibit MDM2 function and 
 111 
thus promote cell cycle arrest, senescence or apoptosis through p53-dependent pathways 
[19]. Given that a rather surprisingly small percentage of nucleolar proteins function in 
ribosome biogenesis, it becomes critical to explore the regulatory mechanisms through 
which rDNA architecture responds to the many challenges imposed on the cell. The issue 
is of significant clinical importance as well because disruption of rDNA function results 
in neurodegeneration, tumorigenesis and severe developmental defects that include 
Treacher-Collins Syndrome, Blackfan Anemia, CHARGE Syndrome and several others 
[20-27]. 
rDNA structure is tightly regulated through the cell cycle. In budding yeast, rDNA 
forms a diffuse puff-like structure during G1 phase that coalesces into a tight loop-like 
structure during mitosis [28, 29]. The development of numerous strategies that include 
FISH, GFP-tagged rDNA binding proteins and a streamlined intercalating-dye method 
now provide for rapid and efficient quantification of rDNA condensation status [28-35]. 
These assays have focused primarily on the well-established and highly conserved roles 
of cohesins and condensins. Mutations in any of the cohesin/condensin subunits, or 
mutation of cohesion regulators such as the cohesin loader Scc2-Scc4 and cohesin 
acetyltransferase Eco1/Ctf7, produce profound impacts on condensation such that mitotic 
rDNA fails to compact and appears as diffuse puff-like structures even during mitosis [30, 
32, 36-40]. In addition to appropriate condensation reactions that occur during mitosis, 
the rDNA locus condenses during G1 phase in response to nutrient starvation or 
rapamycin treatment. This premature rDNA condensation, which includes nucleolar 
contraction, requires de novo recruitment of condensin and the high mobility group 
protein Hmo1 [15, 16, 41]. Surprisingly, an additional rDNA state was only recently 
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discovered in which mitotic cells induce a hyper-condensation of rDNA in response to 
elevated temperature. This hyperthermic-induced rDNA hypercondensation is both 
rapidly induced and reversed by simple temperature shifts [35, 41]. The extent to which 
this hyperthermic-induced hypercondensation is predicated on cohesin or condensin 
dynamics, however, remains unknown. Here, we find that unlike the effects driven by 
nutrient starvation or rapamycin, hyperthermic-induced hypercondensation occurs in the 
absence of altered condensin or cohesin levels. Instead, we identify the ATPase 
chaperone Hsp82 as a novel regulator of rDNA hypercondensation. Our results further 
identify Hmo1 as a negative regulator of mitotic rDNA condensation, in opposition to its 
role in rDNA premature-condensation during interphase. To our knowledge, this is the 
first study to implicate heat shock chaperone as a regulator of rDNA chromatin structure.  
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Results 
4.1 Cohesin deposition and/or release are not required for hyperthermic-induced 
rDNA hypercondensation 
Wildtype cells shifted to an elevated temperature during mitosis exhibit rDNA 
hypercondensation [35], but the basis for this dramatic change in chromatin structure 
remains unknown. Cohesins play a critical role in rDNA condensation such that mutation 
in either cohesin subunits (MCD1, PDS5 or SCC3) or regulators (ECO1 or SCC2) all 
result in severe rDNA condensation defects [29, 30, 32, 36, 42-44]. These observations 
formally suggest that de novo cohesin deposition may play a critical role in hyperthermic-
induced rDNA hypercondensation, in opposition to decondensed rDNA ‘puffs’ that occur 
due to cohesin mutation [29, 35]. Here, we tested this model by inactivating the Scc2, 4 
heterocomplex that is required for cohesin deposition onto DNA [45, 46]. Log phase 
cultures of wildtype and scc2-4 cells were synchronized in G1 at 23°C using rich medium 
supplemented with alpha factor, washed and then arrested in preanapase at 23°C 
(permissive for scc2-4 function) by incubation for 2.5 h in medium supplemented with 
nocodazole. Cell cycle progression from log phase into mitosis was confirmed by flow 
cytometry (Figure 1A). Cells obtained following this regimen contain sister chromatid 
rDNA structures that are both tightly cohered and condensed into extended discrete loops 
[29, 30, 35, 36, 45, 46]. The resulting cultures were then shifted to 37°C (non-permissive 
for scc2-4 function) for 1 h while maintaining the preanaphase arrest. As expected, rDNA 
in wildtype cells at 23°C appeared as long loops that often extended away from the DNA 
mass but then hypercondensed into very short rDNA loops after a 1-h shift to 37°C 
(Figure 1B) [35]. The rDNA in scc2-4 cells also condensed into long rDNA loops at 
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23°C. Importantly, rDNA in scc2-4 cells also fully hypercondensed (very short loops) 
after a 1-h exposure to 37°C (Figure 1B). We independently confirmed that this scc2-4 
mutant strain is indeed temperature sensitive and defective in cohesin deposition onto 
chromatin (Shen and Skibbens, 2017). Thus, temperature-induced rDNA 
hypercondensation during mitosis occurs in the absence of de novo cohesin deposition.  
Wildtype cells exhibit faster growth kinetics, despite containing hypercondensed 
rDNA at 37°C. To accommodate the increase in rDNA transcription required for this 
faster rate of cell growth, we posited that rDNA hypercondensation (axial loop shortening) 
might occur through cohesin dissociation to promote increased lateral looping. To test 
whether cohesin removal promotes shorter axial rDNA loops (observed as 
hypercondensation), we turned to the cohesin destabilizer Rad61/WAPL [38, 40, 47-49]. 
Log phase wildtype and rad61 null cells were treated as described earlier to achieve 
sequential G1 and preanaphase synchronization at 23°C before shifting to 37°C for 1 h 
while maintaining the mitotic arrest. Similar to both wildtype and scc2-4 mutant cells, 
rad61 null cells were fully competent to condense rDNA into discrete loops at 23°C. 
Moreover, rad61 null cells were fully competent to hypercondense the rDNA into very 
short loops upon shifting to 37°C (Figure 1B, C), revealing that rDNA hypercondensation 
occurs without cohesin dissociation. We noted that rad61 null cells formed slightly 
shorter rDNA loops at 37°C than wildtype, consistent with previous findings that Rad61 
is a negative regulator of condensation [40, 50]. In combination, these results reveal that 
mitotic hyperthermic-induced rDNA hypercondensation occurs independent of both 
cohesin deposition and release.  
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4.2 Condensin deposition and/or release are not required for hyperthermic-induced 
rDNA hypercondensation 
Mitotic chromosome condensation requires condensin, in addition to cohesin, 
activity such that condensin mutants exhibit severe condensation defects at rDNA loci 
[30, 33, 34, 51, 52]. Unlike the cohesin complex, there is no known loading complex that 
promotes condensin deposition onto chromosome [39]. Thus, to assess whether 
condensin deposition is required for hyperthermic-induced rDNA hypercondensation, we 
directly tested for hyperthermic-induced changes in condensin binding to rDNA using 
chromatin immunoprecipitation (ChIP). Wildtype cells expressing HA-tagged Smc2 were 
synchronized in G1 at 23°C for 2.5 h, then divided and released into either 23°C or 37°C 
medium supplemented with nocodazole for 3 h to arrest cells in preanaphase (Figure 2A). 
Protein-DNA complexes were cross-linked using formaldehyde, then lysed and sonicated 
to shear the DNA. Chromatin complexes containing Smc2 were immunoprecipitated, 
cross-links reversed and condensin enrichment tested by PCR using four well-
documented condensin-binding sites within rDNA [53, 54] (Figure 2B). The results 
reveal that Smc2 levels remain unchanged at 23°C compared to 37°C (Figure 2C), 
despite dramatic changes in rDNA structure. Thus, hyperthermic-induced rDNA 
hypercondensation occurs independent of both condensin deposition and dissociation. 
 
4.3 Hsp82 promotes hyperthermic-induced rDNA hypercondensation 
The surprising finding that neither cohesin nor condensin dynamics contribute to 
hyperthermic-induced rDNA hypercondensation suggested that a novel mechanism must 
exist by which cells regulate rDNA structure. We thus turned to heat-shock pathways 
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through which cells appropriately respond to elevated temperatures [55], even though no 
evidence to date directly implicates heat shock/chaperone factors in mitotic rDNA 
condensation or hyperthermic-induced hypercondensation. To generate a candidate list, 
we first queried the Saccharomyces Genome Database (SGD) GO term database using an 
iterative process in which each search contained unique combinations of any two of 
several terms (Response to heat; Nucleolus; Chromatin binding; Regulation of DNA 
metabolic process). We then cross-referenced the resulting lists to identify candidates that 
occur in high frequency and then selected those in which mutations are readily obtainable 
from a prototrophic deletion collection [56-58]. We finally prioritized 10 genes that 
provide the most extensive coverage of independent heat shock/chaperone pathways 
(Table 1).  
Wildtype and all 10 heat shock protein/chaperone (HSP/C) null cells were 
sequentially synchronized in G1 and preanaphase as described, before shifting the 
resulting mitotic cells to 37°C for one additional hour while maintaining the mitotic arrest. 
Cell cycle progression for each strain was confirmed using flow cytometry (Figure 3A). 
As expected, rDNA in wildtype cells exhibited significantly hypercondensed rDNA loops 
after shifting to 37°C (Figure 3B). Not surprisingly, the bulk of the HSP/C candidates 
(msn2, msn4, ssa1, sir2, isw1, hit1 and fob1) exhibited both normal mitotic rDNA 
condensation at 23°C and hypercondensation at 37°C (Figure 3B). Thus, rDNA 
hyperthermic-induced hypercondensation is a specialized and unique response that is 
independent of most heat shock pathways. We also found that top1 null cells exhibited a 
large population (44%) of puff-like rDNA structures indicating that rDNA was 
decondensed regardless of temperature. Thus, top1 was excluded from further analyses 
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for hyperthermic-induced hypercondensation. Regardless, our results confirm that 
topoisomerase I is critical for rDNA condensation at all temperatures (Figure 3B), 
extending prior findings that top1 promotes condensation in Drosophila melanogaster 
and that top1 trf4 double mutant cells exhibit rDNA condensation defects in budding 
yeast [59, 60].  
Given the basis of our strategy, we were surprised to find an HSP/C that indeed 
impacts hyperthermic induced rDNA condensation. Our condensation assays revealed 
that hsp82 null cells fully support normal rDNA condensation during mitosis at 23°C but 
failed to completely hypercondense rDNA to wildtype levels in response to 37°C 
incubation (Figure 3B). To both extend and quantify the extent of this rDNA 
hypercondensation defect, we synchronized wildtype and hsp82 deletion cells in G1 at 
23°C for 2.5 h, then released divided cultures into either 23°C or 37°C medium 
supplemented with nocodazole for 3 h to arrest cells in preanaphase. Cell cycle 
progression was confirmed using flow cytometry (Figure 3C). We then measured the 
axial rDNA loop length from three biological replicates in which each contains at least 
100 cells. The results reveal that mitotic hsp82 mutant cells contain significantly longer 
(roughly 40%) rDNA loops at 37°C than wildtype cells shifted to 37°C (Figure 3D, E). 
Importantly, both wildtype and hsp82 deletion cells exhibited similarly long loops at 
23°C, further highlighting the unique role for Hsp82 in specifically driving hyperthermic-
induced rDNA hypercondensation. This is the first report of a heat shock chaperone 
functioning in rDNA condensation in general and specifically that Hsp82 promotes 
rDNA hypercondensation in response to thermic challenges. 
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4.4 Hmo1 negatively regulates mitotic rDNA condensation. 
During our screen of 10 HSP/C null cells function in hyperthermic-induced rDNA 
hypercondensation, we observed that hmo1 null cells contain two independent but tightly 
condensed rDNA rings – often appearing as rabbit ears (Figure S1A). The fact that this 
strain had diploidized was confirmed by Flow cytometry (Figure S1B). To our surprise, 
hmo1 deletion cells from the prototrophic deletion collection contains both haploid and 
diploid cells and cannot consistently arrest under nocodazole treatment (Figure S1B). 
These observations indicate there are additional mutations in the hmo1 deletion 
population from the deletion collection [56-58].  
To further investigate Hmo1 function in hyperthermic-induced rDNA 
hypercondensation, we deleted HMO1 in S288C wildtype background. The resulting 
transformants were confirmed by PCR. We then synchronized wildtype and three 
independent hmo1 deletion isolates in nocodazole for 3 h at 23°C versus 37°C to arrest 
cells in preanaphase and then measured rDNA loop length for each strain by 
condensation assay. The FACS results show that hmo1 deletion cells can be arrested in 
response to nocodazole treatment (Figure 4A).  Wildtype cells exhibited long rDNA rings 
at 23°C that hypercondensed to very short hypercondensed rings at 37°C. Surprisingly, 
hmo1 mutant cells contained significantly shorter loops at 23°C compared to wildtype, 
which further hypercondensed to wildtype level at 37°C. Thus, we term Hmo1 a novel 
negative regulator of mitotic rDNA condensation (Figure 4B, C). However, the fact that 
the hmo1 null mutant cannot further compact the rDNA indicates the limitation of rDNA 
compaction dynamic is reached when rDNA is hypercondensed by activation of the 
Hsp82-depedent pathway at 37°C. 
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Discussion 
The nucleolus and rDNA are exquisitely tuned to both the cell cycle and external 
cues. For instance, rDNA prematurely condenses during interphase in response to 
starvation and also condenses in a stereotypic fashion during each entry of the cell into 
mitosis [14, 15, 28, 29]. All of these structural changes require condensins with an 
additional but critical role also played by cohesins during mitotic condensation [15, 16, 
29, 36-40]. Recently, we identified a novel form of hyper-condensation that occurs 
during mitosis in response to heat stress and thus far appears specific to the rDNA [35, 
41]. The first major finding of the current study is that this hyperthermic-induced 
hypercondensation occurs independent of changes in binding of either condensin or 
cohesin to rDNA. This surprising result suggests that the last several decades of research 
into rDNA structure analyses remain narrowly focused and that our understanding of 
chromatin structure regulation remains incomplete. Toward that end, a second major 
finding of the current study is that the Hsp82, a member of the Hsp90 chaperone family, 
is critical for hyperthermic-induced hypercondensation. Attributes of this novel form of 
Hsp82-dependent chromatin regulation is that it is specific to mitosis, occurs after and 
independent of stereotypical condensation events that involve cohesin and condensin, 
appears specific to rDNA and is rapidly reversible. The third major finding of the current 
study is that Hmo1 functions in negatively regulating mitotic rDNA condensation. The 
fact that wildtype yeast grows faster at 37°C indicates rDNA transcription might also 
increase to support faster growth when rDNA is hypercondensed at higher temperature 
[35]. Hmo1 promotes rDNA transcription and triggers DNA bridging and looping [16, 61, 
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62]. Thus, both Hmo1 and Hsp82 functions together in novel regulation mechanisms of 
mitotic rDNA structure to balance transcription and condensation. 
What is the mechanism through which Hsp82 promotes hyperthermic-induced 
rDNA hypercondensation? Circular dichroism spectra studies revealed that Hsp90 
induces in vitro a more condensed state in rat liver chromatin structure [63]. Thus, Hsp82 
might play a direct structural role in hypercondensing rDNA in response to heat stress. A 
second possibility is that Hsp82 acts upstream of hypercondensation by regulating factors 
that in turn directly act upon rDNA. For instance, Hsp82 exhibits synthetic growth 
defects with histone (H2B), histone variant (H2A.Z), histone modifiers and chromatin 
remodeling complexes (Dep1, Eaf1,7, Gcn5, Gis1, Hda2,3, Pho23, Rco1, Rtt109, Sap30, 
Set2 and Swi3) [63-65]. Such histone modification cascades (including deacetylation, 
phosphorylation and tail-tail interaction of adjacent histones) may provide for a 
condensin-independent mechanism through which rDNA hypercondenses during mitosis. 
Future efforts are required to resolve the issue of whether Hsp82 directly imposes rDNA 
structure or activates one of any number of factors to produce hyperthermic-induced 
hypercondensation. 
 Results presented here argue against a role for cohesin deposition/release in 
hypercondensation, but we cannot rule out a model in which post-translational 
modifications alter tethering activities. For instance, it is well established that condensin 
phosphorylation precedes condensation and that cohesin acetylation is required for sister 
chromatid tethering. In light of these findings, we note that hsp82 mutants exhibit 
synthetic growth defects in combination with mutation of the cohesin acetyltransferase 
ECO1 or the cohesin releasing factor RAD61 (though Rad61 impacts cohesin binding 
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levels to chromatin, in contrast to the mechanism reported here) [64]. A recent study 
reports that inhibition of Hsp90 (both Hsp82 and Hsc82) causes reduction in the cohesion 
factor Chl1 protein level and a moderate cohesin defect; because Hsp90 family members 
are important to maintain protein homeostasis, the underlying mechanism of this 
observation remains elusive [66]. A stronger interaction exists between Hsp82 and Cdc28 
in that they physically interact with each other [67]. Cdc28 is the cyclin-dependent kinase 
that phosphorylates condensin and triggers condensation during prophase. Based on these 
observations, histone, cohesin and/or condensin modifications might promote 
hyperthermic-induced rDNA hypercondensation in an Hsp82-dependent manner (Figure 
5). 
It is remarkable that a GO-term based screen in which we limited further analyses to 
only 10 candidates turned up two factors that regulate rDNA condensation. To our 
knowledge, this is the first report of HSP/C to perform in this fashion – suggesting that 
we are only at the very beginning of understanding HSP/C function in condensation. 
Toward this end, our results document that hsp82 null mutant cells are only partially 
inhibited for hyperthermic-induced hypercondensation. Given that there are more than 
1000 genes listed in SGD as involved in the heat shock response, we anticipate that 
redundant pathways exist and that many HSP/C factors are critical for chromatin 
regulation. Hsf1 is a transcription factor that is essential for cell viability and regulates 
the transcription of approximately 3.0% of the loci in the yeast genome, including Hsp82 
and its cytoplasmic paralog Hsc82 [68, 69]. While Hsf1 may be an upstream regulator of 
Hsp82, the rapid induction and reversibility of rDNA hypercondensation suggests that 
equally plausible mechanisms of regulation exist (Figure 5). Toward this end, we note 
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that Hsp82 exhibits synthetic growth defects with many other heat shock proteins, 
including Hsc82, Ssa3 (hsp70 chaperone) and its own activator Hch1 [70-72]. These 
negative genetic interactions make them plausible candidates for promoting rDNA 
hypercondensation in parallel to Hsp82. While the current study focused on rDNA 
hypercondensation, we predict that many of these HSP/C family members will impact, in 
response to various stressors such as heat, starvation or in an age-dependent fashion, 
condensation across the genome.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 123 
Materials and methods 
Yeast strains and strain construction  
Saccharomyces cerevisiae strains used in this study are listed in Table 2. 
 
rDNA condensation assay  
A streamlined condensation assay is adapted from a published FISH protocol [29, 
35]. Briefly, log phase cells with OD600 0.2 to 0.4 were incubated for 2.5 hr at 23 °C in 
rich YPD medium supplemented with alpha-factor. The resulting cells were collected, 
washed and then resuspended in fresh YPD supplemented with nocodazole, and 
incubated at 23°C for 3 hr. Cells were arrested at preanaphase and fixed by 
paraformaldehyde for 2hr at 23 °C. Cells were washed with distilled water and 
resuspended in spheroplast buffer (1M sorbitol, 20mM KPO4, pH7.4), then spheroplasted 
by adding beta-mercaptoethanol and Zymolyase T100 and incubating for 1 hour at 23°C. 
Resulting cells were added to poly-L-lysine coat slides, treated with 0.5% Triton X-100, 
0.5% SDS, and dehydrated in 3:1 methanol:acetic acid. Slides were stored at 4°C until 
complete dry, then cells were treated with RNase in 2XSSC buffer (0.3M NaCl, 30mM 
Sodium Citrate, pH7.0), dehydrated and denatured under 72°C following cold ethanol 
wash. DNA mass were detected by DAPI staining and assayed under microscope. Cell 
cycle progression were confirmed by detection of DNA content using flow cytometry as 
described [32].  
  
Chromatin Immunoprecipitation and ChIP primers 
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ChIP was performed as previously described [72], with the following modifications. 
Cells were cultured to log phase with OD600 1.0 to 1.2, then incubated at 23 °C in rich 
YPD medium supplemented with alpha-factor for 2.5 hr. The resulting cells were 
collected, washed and then resuspended in fresh YPD supplemented with nocodazole, 
and incubated at 23 °C or 37°C for 3 hr and then fixed in 1% formaldehyde for 20 mins. 
Cells were then harvested, spheroplasted and lysed. Cells lysates were sonicated on ice 
for 6 cycles of 10 seconds. The suspension was centrifuged and diluted 1:10. The diluted 
suspension was then centrifuged and the supernatant was collected as the chromatin 
solution. Smc2 enrichment was obtained by incubating chromatin solution with EZ-View 
Red Anti-HA affinity matrix (Sigma) overnight at 4°C. Beads were collected by 
centrifugation, washed and the remaining bead-bound proteins harvested using 1%SDS; 
0.1 M NaHCO3. DNA-protein crosslinks were reversed in 5 M NaCl for 4 hr at 65°C. 
DNA precipitation from the resulting lysate was performed by overnight incubation at 
−20°C in 70% ethanol. Precipitates were extracted in series using 25:24:1 
phenol:chloroform:isoamylalcohol and pure chloroform prior to reprecipitation of DNA 
overnight at −20°C in 70% ethanol. DNA was resuspended in TE buffer and analyzed by 
PCR using rDNA primers previously described [53, 54]. PCR products were resolved 
using 1% agarose gels, and histograms of pixel densities quantified in Photoshop. Smc2 
enrichment was calculated as the ratio of pull down (ChIP) minus background (obtained 
using a Myc pull-down control) all over total chromatin minus background (obtained 
using a Myc pull-down control). 
 
Statistical Analyses 
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F-Tests were used to assess the equality of 2 variances in chosen experimental 
groups, followed by Student's T-Tests to assess the statistical significance (P < 0.05). 
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Figures 
Figure 1 
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Figure 1. Cohesin deposition and/or release are not required for hyperthermic-
induced rDNA hypercondensation.  
A) Flow cytometer data of DNA content throughout the experiment. Cells were 
maintained in nocodazole for 3 hours at 23°C post-alpha factor arrest followed by an 
additional 1 hour at 37°C. B) Chromosomal mass and rDNA loop structures detected 
using DAPI. Yellow arrows indicate the rDNA loops. C) Quantification of the loop 
length of condensed rDNA in in wildtype (YBS1039), rad61 null mutant (YBS2037) and 
scc2-4 mutant (YMM511) cells. Data obtained from 3 biological replicates, at least 100 
cells for each strain analyzed per replicate and statistical analysis performed using 
Student's T-test. P-Value = 0.27 indicates there is no significant differences between the 
average loop lengths of wildtype cells versus the rad61 mutant cells. P-Value = 0.83 
indicates there is no significant differences between the average loop lengths of wildtype 
cells versus the scc2-4 mutant cells. Statistical significant differences (*) are based on P < 
0.05.  
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Figure 2 
 
 
Figure 2. Condensin deposition and/or releasing are not required for hyperthermic-
induced rDNA hypercondensation.  
A) Flow cytometer data of DNA content throughout the experiment. Cells were 
maintained in nocodazole for 3 hours at 23°C or 37°C post-alpha factor arrest. B)  
Schematic of two rDNA repeats with the interval region and the location of four ChIP 
primer sets. C) Smc2 fold enrichment at four chosen rDNA loci in mitotic wildtype 
(YBS3036) cells at 23°C versus 37°C, Data obtained from 3 biological replicates and 
statistical analysis performed using Student's T-test. P-Value = 0.21, 0.12, 0.73, 0.34 for 
primer sets 10, 12, 14, 16 respectively indicates there is no significant differences 
between the average loop lengths of wildtype cells arrested at 23°C and 37°C. Statistical 
significant differences (*) are based on P < 0.05. 
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Figure 3 
 
 
Figure 3. Hsp82 promotes hyperthermic-induced rDNA hypercondensation.  
A) Flow cytometer data of DNA content for HSP/C screen. Cells were maintained in 
nocodazole for 3 hours at 23°C post-alpha factor arrest followed by an additional 1 hour 
at 37°C. B) Chromosomal mass and rDNA loop structures detected using DAPI. Red star 
indicates the decondensed rDNA puff observed in top1 null mutant. C) Flow cytometer 
 130 
data of DNA content for wildtype and hsp82 synchronization. Cells were maintained in 
nocodazole for 3 hours at 23°C or 37°C post-alpha factor arrest. D) Quantification of the 
loop length of condensed rDNA in in wildtype (YBS1019) and hsp82 null mutant 
(YDS203) cells. Data obtained from 3 biological replicates, at least 100 cells for each 
strain analyzed per replicate and statistical analysis performed using Student's T-test. P-
Value = 0.0012 indicates significant differences between the average loop lengths of 
wildtype cells versus the hsp82 mutant cells at 37°C. Statistical significant differences (*) 
are based on P < 0.05. 
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Figure 4 
 
 
Figure 4. Hmo1 negatively regulates mitotic rDNA condensation. 
A) Flow cytometer data of DNA content throughout the experiment. Log phase 
cultures were split to be maintained in nocodazole for 3 hours at 23°C or 37°C. B) 
Chromosomal mass and rDNA loop structures detected using DAPI. Yellow arrows 
indicate the rDNA loops. C) Quantification of the loop length of condensed rDNA in in 
wildtype (YBS1019) and three hmo1 deletion mutant (YBS3047, YBS3048, YBS3049) 
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cells. 100 cells for wildtype strain were analyzed and we calculated the average of three 
independent hmo1 deletion isolates based on measurements of 50 cells per isolates 
arrested at 23°C versus 37°C. Statistical analysis performed using Student's T-test. P-
Value = 9.87E-31 indicates there is significant differences between the average loop 
lengths of wildtype cells versus the hmo1 mutant cells arrested at 23°C. P-Value = 1.17E-
15 indicates there is significant differences between the average loop lengths of hmo1 
mutant cells arrested at 23°C versus 37°C. P-Value = 0.20 indicates there is no significant 
differences between the average loop lengths of wildtype cells versus the hmo1 mutant 
cells arrested at 37°C. Statistical significant differences (*) are based on P < 0.05.   
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Figure 5 
 
 
Figure 5. Possible mechanisms of Hsp82-depdent hyperthermic-induced rDNA 
hypercondensation. Hsp82 functions in hyperthermic-induced rDNA hypercondensation 
possibly through direct interaction of rDNA or indirectly through modification of cohesin, 
condensin or histones.  
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Figure S1 
 
 
Figure S1. hmo1 deletion strain from deletion collection is diploidized. 
A) Flow cytometer data of DNA content throughout the experiment. Log phase 
cultures (YDS202) were split to be maintained in nocodazole for 3 hours at 23°C or 37°C. 
B) Chromosomal mass and rDNA loop structures detected using DAPI.  
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Table 1 
Prioritized list of heat shock/chaperone encoding genes obtained from iterative GO terms 
searches and that represent a diverse set of cellular responses to elevated temperature. 
Common Systematic  Descriptor Reference  
FOB1 YDR110W rDNA replication fork 
barrier 
SGD 
HIT1 YJR055W snoRNP assembly factor SGD 
 
HMO1 YDR174W High mobility group 
factor 
SGD 
HSP82 YPL240C Hsp90 chaperone SGD 
ISW1 YBR245C Imitation-switch 
chromatin remodelers 
SGD 
MSN2 YMR037C Stress-responsive 
transcriptional activator 
SGD 
MSN4 YKL062W Stress-responsive 
transcriptional activator 
SGD 
SIR2 YDL042C NAD+ dependent 
histone deacetylase 
SGD 
SSA1 YAL005C ATPase member of 
HSP70 family 
SGD 
TOP1 YOL006C Topoisomerase I SGD 
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Table 2 
Yeast strains used in this study. 
Strain name  Genotype  Reference  
YBS1019  MATa; S288C  35 
YBS1039 
MATa; w303  
35 
YBS2037 MATa; rad61::URA ; w303  75 
YMM511  MATa; scc2-4; can1-100; w303 76 
YBS3036 MATa; SMC2:3HA:KanMX6; w303  77 
YBS3047 MATa; hmo1::KanMX6; isolates1 For this study 
YBS3048 MATa; hmo1::KanMX6; isolates2 For this study 
YBS3049 MATa; hmo1::KanMX6; isolates3 For this study 
YDS200 MATa; fob1::KanMX6 56-58 
YDS201 MATa; hit1::KanMX6 56-58 
YDS202 Diploid; hmo1::KanMX6 56-58 
YDS203 MATa; hsp82::KanMX6 56-58 
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YDS204 MATa; isw1::KanMX6 56-58 
YDS205 MATa; msn2::KanMX6 56-58 
YDS206 MATa; msn4::KanMX6 56-58 
YDS207 MATa; sir2::KanMX6 56-58 
YDS208 MATa; ssa1::KanMX6 56-58 
YDS209 MATa; top1::KanMX6 56-58 
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Abstract 
Hyperthermic-induced mitotic rDNA hypercondensation was first reported in 2017 
[1]. It revealed the great plasticity that condensed rDNA retains during mitosis and also a 
novel regulatory pathway that specifically impacts the rDNA locus in response to 
external stimuli. In this chapter, I discuss future plans regarding the newly discovered 
finding that heat shock chaperone Hsp82 functions in regulating rDNA structure under 
heat stress. 
 
Introduction 
rDNA hypercondenses under moderate heat stress in a reversible manner. We have 
identified the chaperone protein Hsp82 as a novel regulator of hyperthermic-induced 
mitotic rDNA hypercondensation. The mechanism through which Hsp82 regulates rDNA 
hypercondensation remains elusive. Moreover, we know little regarding the balance 
through which cells increase growth rate at higher temperatures (indicating increased 
ribosome biogenesis and rDNA transcription) versus rDNA hypercondensation. We are 
also interested in the possible outcomes of this hyperthermic-induced rDNA 
hypercondensation. Addressing the following questions will help us move forward in 
understanding this site-specific, stress sensitive regulation of mitotic chromosome 
architecture: 
1. What is the underlying mechanism through which Hsp82 regulates rDNA 
hypercondensation? Does Hsp82 bind DNA to compact rDNA directly, or does 
Hsp82 act indirectly through other compaction components? 
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2. Are there parallel mechanisms that facilitate hyperthermic-induced rDNA 
hypercondensation in conjugation with Hsp82? 
3. How does rDNA balance hypercondensation with transcription?   
4. How does this hyperthermic-induced rDNA hypercondensation benefit yeast? 
Below, I discuss each question separately. Answering these questions in the near 
future will extend our understanding of rDNA metabolism and extend our current big 
picture of mitotic chromosome structural regulation. 
 
5.1 Exploring Hsp82 function in regulating hyperthermic-induced rDNA 
hypercondensation. 
5.1.1 Does Hsp82 directly induce rDNA hypercondensation?  
Hsp82 might promote rDNA hypercondensation in a direct manner. Circular 
dichroism spectra in vitro studies revealed that Hsp90 chaperone induces a more 
condensed state in rat liver chromatin structure [2]. Given that the yeast Hsp82 is the 
homolog of Hsp90, Hsp82 might also play a direct role in compacting rDNA. To test this 
hypothesis, we can perform ChIP to directly test Hsp82 binding to rDNA at 23°C versus 
37°C. We can also use fluorescently tagged Hsp82 to check in real time for Hsp82 
enrichment and dynamics on rDNA loci in respond to heat stress. If Hsp82 is enriched at 
rDNA loci at higher temperature, we can further test in vitro whether purified Hsp82 can 
directly compact rDNA. 
5.1.2 Does Hsp82 indirectly induce rDNA hypercondensation through other 
condensation components? 
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As opposed to directly interacting with rDNA, Hsp82 might function indirectly 
through regulating other condensation components to hypercompact rDNA. Interestingly, 
Hsp82 physically interacts with the cyclin-dependent kinase Cdc28 [3]. Cdc28 
phosphorylates and activates condensins to promote condensation during prophase. 
Although hyperthermic-induced rDNA hypercondensation is not based on altered 
condensin levels, we cannot exclude the possibility that post-translational modification of 
condensin is involved in rDNA hypercondensation [1, 4]. To test the hypothesis that 
Hsp82 might facilitate Cdc28-dependent condensin phosphorylation to induce rDNA 
hypercondensation at elevated temperature, we would generate Hsp82 mutants that are 
defective in interacting with Cdc28 and then perform condensation assays to test if the 
mutant fails to hypercondense rDNA at elevated temperature. We can also perform mass 
spectrometry to test for condensin phosphorylation in wildtype and hsp82 deletion cells at 
23°C versus 37°C. In combination, these experiments would determine whether Hsp82 
indirectly promotes hyperthermic-induced rDNA hypercondensation through a Cdc28-
dependent mechanism that might include condensin hyperphosphorylation. 
 
5.2 Exploring other factors that function in hyperthermic-induced rDNA 
hypercondensation. 
We observed an intermediate defect in rDNA hypercondensation in the hsp82 
deletion strain, suggesting that parallel mechanisms facilitate hyperthermic-induced 
rDNA hypercondensation. As the first step to identify these factors, we would focus on 
genes that exhibit synthetic lethality with HSP82 deletion. This list can be generated 
using SGD to identify Hsp82 interactome. Form this list, we can cross-reference 
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candidates to GO terms described in Chapter 4 that contain the following terms: 
Response to heat; Nucleolus; Chromatin binding; and Regulation of DNA metabolic 
process. We would perform condensation assays on the resulting candidates at 23°C 
versus 37°C to screen for mutants that exhibit rDNA hypercondensation defects at higher 
temperature. 
An alternative mechanism to identify parallel rDNA hypercondensation factors is 
based on the heat shock transcription factor Hsf1. In budding yeast, there are three major 
transcription factors, Hsf1, Msn2 and Msn4, that act upstream of numerous other factors 
in response to elevated temperature [5, 6]. We have already tested Msn2 and Msn4 in our 
previous screen and found no effect [1]. Thus, we can exclude downstream factors that 
are activated by Msn2 and Msn4. Interestingly, Hsf1 activates Hsp82, making Hsf1 and 
its downstream effectors an appealing candidate pool for novel factors that function in 
hyperthermic-induced rDNA hypercondensation [7] (Figure 1). We can test for rDNA 
hypercondensation defects using an hsf1 conditional mutant that is inactivated at 37°C. If 
the mutant exhibits a more severe hypercondensation defect than hsp82 alone, then we 
would further narrow down our screen to factors that are targets of Hsf1 activities. If hsf1 
and hsp82 mutants exhibit similar hypercondensation defects, then the parallel factor is 
acting through additional unknown mechanisms. Excluding Hsf1, Msn2 and Msn4 
pathways will thus help limit the remaining pool of candidates.   
 
5.3 Exploring the balance of rDNA hypercondensation and transcription. 
5.3.1 How does this hyperthermic-induced rDNA hypercondensation impact 
rDNA transcription?  
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The impact of hyperthermic-induced rDNA hypercondensation on rDNA 
transcription remains elusive. During our investigation of rDNA hypercondensation, we 
observed a faster growth rate of wildtype yeast cells at 37°C compared to 23°C. 
Accelerated growth is normally coupled to upregulated rDNA transcription, ribosome 
biogenesis and translational outputs [8, 9]. This increased rDNA transcription requires a 
relaxed rDNA conformation and RNA polymerase accessibility – requirements that 
appear at odds with our observations that rDNA is more condensed at 37°C compared to 
23°C. On the other hand, rDNA is highly recombinogenic such that hypercondensation 
may protect cells form heat-induced homologous recombination. Thus, we posit that cells 
must achieve a balance between transcription, recombination and hypercondensation. 
To directly test rDNA transcription in its hypercondensed state at 37°C, we can 
perform RT-qPCR on rDNA transcripts of 18S, 5.8S, 5S and 25S rRNA. One possibility 
is that rDNA transcription is inhibited at 37°C, and this result would be consistent with 
previous findings that condensation normally restricts transcription factor accessibility 
and antagonizes transcription [10, 11]. In contrast, if we observe upregulated 
transcription levels at 37°C, the hypercondensed rDNA loci might indicate a more 
complex structure that contracts longitudinally to allow for shorter axial looping of 
transcribed rDNA. Addressing this is complex due to the large number of rDNA repeats. 
Only a small number of repeats may be highly transcribed to elevate transcription levels, 
while the majority of rDNA is hypercondensed. Resolving this structure might require 
microscopy techniques, such as super-resolution microscopy and electron microscopy 
(5.3.2).  
5.3.2 How is rDNA organized and transcribed when hypercondensed? 
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Can we observe rDNA structure directly? Our streamlined condensation assay 
provides a largely extended and exquisite view of rDNA loops, with the average loop 
length of around 10 microns. Recent advances in super-resolution microscopy have 
achieved single molecule and single DNA fluorescence imaging [12]. Additionally, 
electron microscopy has long been utilized to observe yeast rDNA, providing detailed 
images of transcript-associated rDNA strands [13, 14]. We can generate a protocol that 
allows us to apply our streamlined condensation assay to microscopy sample preparation 
for super-resolution microscopy as well as electron microscope to directly view 
chromatin compaction and transcription in detail. Thus, we will be able to observe rDNA 
transcription status by measuring transcript-associated repeats and hypercondensed 
repeats distribution along rDNA loci. For instance, some rDNA repeats may be highly 
transcribed to support faster growth, and the remaining sites are hypercondensed to 
inhibit homologous recombination at elevated temperature. By using updated microscopy 
techniques, we will get a better understanding about the balance of rDNA transcription, 
recombination and hypercondensation. 
 
5.4 Exploring the role of hyperthermic-induced rDNA hypercondensation in 
budding yeast. 
How does hyperthermic-induced rDNA hypercondensation impact life in yeast? 
Interestingly, accumulation of extrachromosomal rDNA circles (ERCs) is one major 
cause of aging in yeast mother cells, while moderate heat stress results in extended life 
span in yeast [15, 16]. Taken together with our observation that rDNA is hypercondensed 
at elevated temperature, we hypothesize that upon moderate heat stress, rDNA is 
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hypercondensed in an Hsp82-dependent manner that protects rDNA stability and 
decreases ERC generation over the short-term during mitosis. 
 To test this hypothesis, we can compare the survival curves of wildtype and hsp82 
deletion cells at 23°C versus 37°C to see if hsp82 mutant cells lose the ability to extend 
lifespan at 37°C. We can also perform Southern blots to test for ERC accumulation at 
23°C versus 37°C in both wildtype and hsp82 deletion strains. If moderate heat stress 
represses ERC accumulation in wildtype cells and then deletion of Hsp82 restores high 
ERC and reduces longevity, we can conclude that Hsp82-dependent rDNA 
hypercondensation that inhibits ERC formation is one mechanism for yeast life span 
extension at elevated temperature. 
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Figures 
Figure 1 
 
 
Figure 1. Schematic shows that heat stress activates Hsf1, Msn2 and Msn4 (shown 
in solid red and black arrow), together with other unknown mechanisms (shown in 
dashed red arrow). Both Msn2 and Msn4 are not involved in hyperthermic-induced 
rDNA hypercondensation (black arrow, Shen 2017), thus, we will focus our screen on 
Hsf1 and its downstream effectors, and other unknown mechanisms that get activated by 
heat. 
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